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Abstract 
Energy crisis and worldwide environmental problem make hydrogen a prospective 
energy carrier. However, storage and transportation of hydrogen in large quantities at 
small volume is currently not practical. Lots of materials and devices have been 
developed for storage hydrogen, but to today none is able to meet the DOE targets.  
 
Activated carbon has been found to be a good hydrogen adsorbent due to its high surface 
area. However, the weak van der Waals force between hydrogen and the adsorbent has 
limited the adsorption capacity. Previous studies have found that enhanced adsorption can 
be obtained with applied electric field. Stronger interaction between the polarized 
hydrogen and the charged sorbents under high voltage is considered as the reason. 
 
This study was initiated to investigate if the adsorption can be further enhanced when the 
activated carbon particles are separated with a dielectric coating. Dielectric TiO2 
nanoparticles were first utilized. Hydrogen adsorption measurements on the TiO2-coated 
carbon materials, with or without an external electric field, were made. The results 
showed that the adsorption capacity enhancement increased with the increasing amount 
of TiO2 nanoparticles with an applied electric field. Since the hydrogen adsorption 
capacity on TiO2 particles is very low and there is no hydrogen adsorption enhancement 
on TiO2 particles alone when electric field is applied, the effect of dielectric coating is 
demonstrated.  
 
Another set of experiments investigated the behavior of hydrogen adsorption over 
TiO2-coated activated carbon under various electric potentials. The results revealed that 
the hydrogen adsorption first increased and then decreased with the increase of electric 
xiii 
 
field. The improved storage was due to a stronger interaction between charged carbon 
surface and polarized hydrogen molecule caused by field induced polarization of TiO2 
coating. When the electric field was sufficient to cause considerable ionization of 
hydrogen, the decrease of hydrogen adsorption occurred. The current leak detected at 
3000 V was a sign of ionization of hydrogen. 
 
Experiments were also carried out to examine the hydrogen adsorption performances 
over activated carbon separated by other dielectric materials, MgO, ZnO and BaTiO3, 
respectively. For the samples partitioned with MgO and ZnO, the measurements with and 
without an electric field indicated negligible differences. Electric field enhanced 
adsorption has been observed on the activated carbon separated with BaTiO3, a material 
with unusually high dielectric constant. 
 
Corresponding computational calculations using Density Functional Theory have been 
performed on hydrogen interaction with charged TiO2 molecule as well as TiO2 molecule, 
coronene and TiO2-doped coronene in the presence of an electric field. The simulated 
results were consistent with the observations from experiments, further confirming the 
proposed hypotheses. 
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CHAPTER 1 INTRODUCTION 
Over the next decades, decreasing world supply of fossil fuels, and increasing global 
warming and climate change will be two major concerns. United States’ development 
highly relies on petroleum, as shown in Figure 1.1. Among them, 2/3 of the petroleum is 
consumed in transportation 1. US imports half of its petroleum and the dependence on 
foreign oil is expected to grow in the future. However, petroleum is a kind of 
non-renewable energy, which will probably run out in next 50 years if people keep the 
steps. Thus, an alternative energy source is highly demanded. 
 
Figure 1.1 World consumption of primary energy of 2007 1 (graph courtesy of DOE, see Appendix A) 
 
These years, environmental problem and global warming have attracted more and more 
attention. Scientific research is focused on clean and renewable energy source. According 
to US Department of Energy (DOE) database, transportation is responsible for 73% of 
OECD= Organization for Economic Co-operation and Development 
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CO, 58% of NOx and 33% of CO2 in air pollution 1. The pollutants come from the 
combustion of gasoline or diesel and need to be reduced by adopting clean energy. 
Hydrogen, which does not generate pollutants and greenhouse gas, is considered an ideal 
energy source to compensate or even take the place of fossil fuels. Application of vehicle 
powered by hydrogen will not only reverse today’s situation, but also benefit long-term 
development. 
 
Due to great advantages of hydrogen energy, President Bush launched the Hydrogen Fuel 
Initiative in 2003, which commits $1.2 billion over five years to fund hydrogen fuel cell 
research. The fund would be used in the research of powering automobiles by hydrogen 
fuel cells, and also the studies of producing, storing and transporting hydrogen. The goal 
is to put hydrogen fuel cell vehicles in the showroom and hydrogen at fueling station by 
2020 2. 
1.1 Hydrogen energy 
Hydrogen is qualified as ideal energy carrier largely due to its unique characteristics. 
Hydrogen is very abundant in the universe, which constitutes normal matters 75% by 
mass and >90% by number of atoms. Hydrogen is also the lightest element. Only a single 
proton is included in the protium (H), the most common isotope of hydrogen. Hydrogen 
possesses the highest gravimetric energy content (142 kJ/g) of all fuels, whereas liquid 
hydrogen’s volumetric energy density (8 MJ/L) is only one quarter of that of gasoline 3. 
Water is the only product when hydrogen reacts with oxygen, so no pollutant is produced. 
Moreover, efficiency can be significantly increased if fuel cells with hydrogen are 
applied. 
3 
 
1.1.1 Hydrogen production 
Although hydrogen is abundant, naturally occurring elemental hydrogen is relatively rare 
on Earth. In order to take use of hydrogen as energy carrier, molecular hydrogen is 
required to be produced. Generally, technologies for producing hydrogen can be 
classified into seven areas, as listed in Table 1.1. The first three ones have been 
commercialized and the others are still being studied in the lab.  
 
Table 1.1  
Techniques for producing hydrogen 4 
 Technologies Raw materials 
Commercialized 
Steam reforming Light hydrocarbon gases(mainly CH4) and H2O 
Gasification Coal and H2O 
Water electrolysis H2O 
R&D 
Gasification Biomass and H2O 
Thermo-chemical Sulfur-iodine water-splitting cycle 
Bioprocess Biomass or H2O 
Photolysis H2O 
 
Currently the dominant technology for direct production is steam reformation from 
natural gas, methanol, coal or even gasoline 5. In US, around 95% of the hydrogen is 
produced through this way 6. Gasification is also a process usually used to obtain 
hydrogen. It first converts fossil based carbonaceous materials into hydrogen, carbon 
monoxide and carbon dioxide and then separates the hydrogen from the resultant gas 
products. Another major source is collecting hydrogen as the product of water electrolysis. 
At present, the electric energy used to split water molecule is mainly from coal. All the 
three methods are largely depends on limited fossil fuel source, so it is highly demanded 
4 
 
to find out sustainable techniques for hydrogen production. 
 
The latter four techniques under development are very promising due to the utilization of 
renewable energy sources. The novel gasification is producing hydrogen from 
gasification of biomass resources such as agricultural residue, including waste grease, 
peanut shells or crops 7. The thermo-chemical way only uses solar and nuclear energy in 
waste splitting cycle. Bioprocess system use natural photosynthetic microbes such as 
green algae and bacteria to produce hydrogen by splitting water. Photolysis is a process 
that splits water to obtain hydrogen using sunlight as the only energy source.  
1.1.2 Hydrogen fuel cell 
To make best use of hydrogen energy, fuel cell is introduced. A fuel cell is an 
electrochemical cell to convert fuel to electricity and chemical products. A single fuel cell 
is composed of an electrolyte sandwiched between two catalyst-coated electrodes, a 
porous anode and a porous cathode. Depending on the difference of electrolytes, fuel 
cells can be sorted as alkaline fuel cell (AFC), polymer electrolyte membrane or proton 
exchange membrane fuel cell (PEM), phosphoric acid fuel cell (PAFC), molten carbonate 
fuel cell (MCFC) and solid oxide fuel cell (SOFC). Operating temperature, efficiency of 
each type of fuel cell is given in table 1.2. Efficiency of fuel cell lies between 45%-60%, 
which is much higher than that of internal combustion engines using fossil fuels (< 20%) 
8,9. 
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Figure 1.2 Illustration of PEM fuel cell 9 (graph courtesy of DOE, see Appendix B) 
 
PEM is widely considered as the most suitable fuel cell for light duty transportation. 
Configuration of PEM is shown in Figure 1.2. Hydrogen and oxygen gases are fed 
through each bipolar plate to anode and cathode, respectively. At the anode Hydrogen 
molecules are dissociated to protons and electrons and then protons move through the 
membrane to the other side of the cell while the electrons flow along the external circuit 
to the cathode. At the cathode, oxygen molecules arrest the electrons from the anode and 
form water with protons by exothermic reaction. Current operation cost of PEM is too 
high to afford, which indicates existing technologies need further improvement. 
 
Although hydrogen owns attractive bright sides for being the new generation of energy, 
there is still a long way to go to put it into commercial use due to critical barriers, among 
which, hydrogen storage is the most crucial one. 
7 
 
1.1.3 Hydrogen storage 
The application of hydrogen energy may proceed probably via portable storage of 
hydrogen first. A medium with high-capacity hydrogen storage is hunted to better 
promote the use of hydrogen as an energy source, particularly applications in 
transportation. Conventional methods to store hydrogen include compression and 
liquefaction of hydrogen. However, these methods are unlikely able to satisfy practical 
application in the future due to safety and economic issues 10-12. The storage approach 
most researchers interested in is to make hydrogen interact with a host material, like 
metal hydrides, complex hydrides, nanostructured carbon and metal organic frameworks 
(MOFs) 10,11.  
 
Table 1.3 illustrate the requirements renewed by DOE in 2011 on a storage system for 
fuel cell electric vehicles running on hydrogen. It is noted that the targets shown in the 
table (5.5 wt.% and 40 g hydrogen/L by 2017) are capacities for the whole storage system, 
including adsorbent materials, container, and all the other related components. Previous 
targets by 2010 have not been really fulfilled. Research on hydrogen storage has been 
pursued for decades and improvement in storage system capacity obtained in recent years 
can be seen in Figure 1.3. The data points are obtained by averaging all the analyzed 
values during each year. The bars indicate the range of values acquired in each year. 
Although recent achievements indicate materials-based capacities exceeding 5 wt.%, 
capacities will fall far below the targets if system is counted. None of the current systems 
meets the combination target of gravimetric, volumetric and system cost for 2017 13. 
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Table 1.3  
DOE’s hydrogen storage target 13 (table courtesy of DOE, see Appendix C) 
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Figure 1.3 Estimates of (a) gravimetric and (b) volumetric capacities projected for on-board systems 
from year 2005 to 2010 13 (graph courtesy of DOE, see Appendix D) 
1.2 Hydrogen storage materials 
1.2.1 Metal hydrides 
Hydrogen can react with metals and alloys at elevated temperature to form metal 
hydrides. Hydrides are considered to exist in ionic, covalent, and metallic forms, but the 
boundary between them is not that sharp 14. Metal hydrides are very promising as they 
10 
 
allow the storage of large amounts of hydrogen in a small volume at room temperature. 
MgH2 is considered as the most possible hydride for on-board hydrogen storage, since it 
is a costless and reversible medium with storage capacity as high as 7.7 wt.%. However, 
the temperature required to release hydrogen is around 300 ℃ 15,16, which is much higher 
than the operation temperature of PEM fuel cell. The binary hydrides of the transition 
metals predominantly show metallic characteristics, like conductive and metallic-like 
appearance. In such compounds (MHn), the hydrogen usually takes up interstitial sites, 
resulting in large scales of non-stoichiometry. Many transition metals have stable 
hydrides except for the part from group 6 (Cr) to group 11 (Cu), resulting in the demand 
of very high temperature to harvest hydrogen from the hydrides 14. This drawback makes 
the binary hydrides unable to be applied in a vehicle driven by hydrogen. 
   
Typical alloys for hydrogen storage can be divided into three categories: AB, AB2 and 
AB5, in which A is a rare earth or alkaline earth metal tending to form stable hydrides and 
B is a transition metal forming only unstable hydrides 17-19. A typical AB5 alloys LaNi5 
can adsorb ~1.4 wt.% hydrogen at 0.2 MPa room temperature 20. Not to mention the low 
storage capacity, the high price of lanthanum largely prevents the further development of 
this material. For some AB2 compounds (A=Ti, Zr, Mg; B=V, Cr, Fe, Mn) with cheaper 
elements, up to 2 wt.% hydrogen uptakes can be obtained 15. However, at room 
temperature, the hydrogen pressures at equilibrium are relatively low and not suitable for 
practical uses.  
 
As most metal hydrides are in solid phase, the volumetric target of DOE (> 0.040 kg H2/L) 
is not a big issue for such materials. Classical metal hydrides usually contain transition 
metals, so the gravimetric capacity for hydrogen is limited to roughly 2 wt.%, much 
lower than the DOE target (>5.5 wt.% H2). To realize on-board automotive applications, 
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most current research on metal hydrides for hydrogen storage is focused on using light 
weight metals, such as Al, Mg and Na, to develop new materials that have high 
gravimetric hydrogen density and also satisfy the kinetic and thermodynamic 
requirements for hydrogen uptake and release. 
1.2.2 Complex hydrides 
As conventional metal hydrides only have hydrogen storage capacities no greater than 2 
wt.% at room temperature, much attention has been paid to the complex hydrides which 
are composed primarily of light elements (Z ≤ 13) with the interest of high gravimetric 
capacities. In a complex hydride, hydrogen is covalently bonded to a central atom to form 
a complex anion and stabilized by a cation, typically an alkali or alkaline earth metal.  
 
Complex hydrides have shown surprising gravimetric capacities. One of the best 
performing and well studied reversible complex hydrides is sodium alanate (NaAlH4), 
which has a theoretical storage capacity of 6.7 wt.% in total that can be described in a 
three-step reaction 21 
 
3NaAlH4 → Na3AlH6 + 2Al + 3H2                  (1.1) 
Na3AlH6 → 3NaH + Al +1.5H2                   (1.2) 
3NaH → 3Na + 1.5H2                       (1.3) 
 
The first and second decomposition steps can release 3.7 wt.% and 1.9 wt.% hydrogen at 
0.1 MPa and reasonable temperature. The decomposition temperature required for the 
third step is very high for on-board applications and thus most of the time it is not 
regarded as a hydrogen source. Another very popular complex hydride LiBH4 is able to 
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discharge 13.5 wt.% hydrogen at temperature > 380 ℃ according to the following 
reaction 22 
  
LiBH4 → 2LiH + 2B + 3H2                     (1.4) 
 
Hydrogen uptake by Li3N was first discovered by Dafert and Miklauz 23 a hundred years 
ago. Significant attention has not been paid to it until Chen and co-workers recently 
proposed it as a promising candidate for hydrogen storage with overall 10.4 wt.% 
adsorption capacity. The hydrogen storage and generation process is composed of 
following two steps 23 
 
LiNH2 + 2LiH ↔ Li2NH + LiH + H2 ↔ Li3N +2H2          (1.5) 
 
At temperature of up to 200 ℃, 6 wt.% hydrogen can be desorbed, while a complete 
desorption requires temperature as high as 420 ℃.   
 
As a result of high thermodynamic stability of complex hydrides, high temperature is 
usually needed to release hydrogen. Current research efforts are devoted to reducing the 
decomposition enthalpy by introducing a second species that can stabilize the reaction 
product. In addition, creating nanoscale powders and incorporating the hydride into 
nanoporous scaffolds or frameworks have also been tested to improve the reaction 
kinetics 24. 
1.2.3 Nanostructured carbon 
The carbon materials with porous structure have attracted considerable attentions as 
potential hydrogen storage media mainly due to their low cost, low density and good 
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chemical stability. 25. A series of carbon materials have been intensively studied, like 
carbon nanofibers (CNFs), carbon nanotubes (CNTs), activated carbons (ACs), and 
ordered porous carbons 26-31. As most porous materials, the hydrogen adsorption 
mechanism on nanostructured carbon is primarily based on physisorption. 
 
As ACs have the characteristics of enormous chemical and structural complexity and 
heterogeneity, the hydrogen uptakes on ACs differed with a marked dependency on the 
materials employed 25,27,32,33. Yang and colleagues obtained an exceptionally high 
hydrogen storage capacity of around 7 wt.% at 77 K and 20 bar over a microporous 
carbon synthesized by templating using zeolite beta 32. However, at room temperature 
and high pressure (100 bar) the highest storage value is still below 1 wt.%, even via 
highly developed porous carbon specific with surface area of greater than 3700 m2/g 34.  
 
Dillon et al. 35 reported for the first time on hydrogen storage in CNTs in 1997. Since 
then, single-wall carbon nanotubes (SWCNTs) and multi-wall carbon nanotubes 
(MWCNTs) have attracted considerable attention for hydrogen storage. The known 
carbon structure is considered as the major advantage of CNTs, which can correlate 
experimental results with theoretical predictions and better illuminate the adsorption 
mechanism. However, the presence of metal impurities in CNTs from production process 
may cause unpredictable influence on the storage behaviors, because the distribution and 
chemisorption effects of those metals are very various 36. Some exciting results have been 
reported in early time, even with hydrogen storage value up to 14 wt.% 35,37,38. 
Nevertheless, these extremely high results were finally proven to be caused by errors in 
the experiments 39,40. The hydrogen adsorption capacities of SWCNTs and MWCNTs 
have been demonstrated by abundant studies to be no greater than 1 wt.% at ambient 
temperature and around 100 bar 41-45, but can be enhanced to between 5 to 8 wt.% when 
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conducting tests at 77 K 42,44,46,47.  
 
Countless reports have demonstrated that the hydrogen storage capacities in pure carbon 
materials achieved by physisorption are impossible to meet targets of DOE.  
1.2.4 Metal organic frameworks (MOFs) 
Metal organic frameworks are porous crystalline compounds constructed by metal ions or 
small metal cluster joint together by organic ligand linkers. Recently, MOFs has been 
developed to store hydrogen due to their extremely large surface area and potential 
applications as sorbents 48-52. Typical MOFs have inorganic groups [OZnO4]6+ at the 
corner of the structure and are connected with carboxylate organic links 48. The linkers 
are isolated from each other but can be accessed from all sides, leading to extremely high 
surface areas up to 5000 m2/g of such materials. According to theoretical calculations, 
hydrogen preferred to be adsorbed to the sites of metal oxide clusters in MOFs, but 
increasing the pressure would cause the effect of organic linker more evident 53. Also, the 
character of the organic bridges affected the interaction of hydrogen with the inorganic 
cluster sites 54. To achieve relatively high adsorption capacity, MOFs are required to 
possess high surface area structure with interconnected small pores for a strong 
interaction with hydrogen 52. 
 
In 2003, Yaghi et al. first reported a high hydrogen adsorption of 4.5 wt.% on MOF-5 
(Zn4O(bdc)3) at 77 K and less than 1 bar 48. The results were lower in their latter work 
55,56. Other publications revealed MOF-177 (Zn4O(BTB)2) had a super large BET surface 
area up to 4700 m2/g and the highest hydrogen storage of 7.5wt.% at 77 K and 70 bar 57,58. 
Although some kinds of MOFs have remarkable hydrogen capacities at 77 K, no 
significant hydrogen storage capacity was observed on MOFs at room temperature. The 
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temperature is apparently a crucial factor to assess hydrogen storage behavior in MOFs, 
just like the ACs. No finding has been addressed that the increase of pressure alone is 
likely to improve hydrogen adsorption at room temperature to a comparable level at 77 K 
46. Extensive work will be directed toward the synthesis of effective MOFs with larger 
heat of hydrogen adsorption. 
1.2.5 Metal oxides 
Metal oxides attract attention for hydrogen adsorption due to their wide application in 
catalysis 59-61, gas storage 62-64, and sensors 65. Most metal oxides possess unsaturated 
metal centers, which accounts for strong interaction with hydrogen 66,67. Synthesizing 
highly porous metal oxides for hydrogen storage remains a tough task. 
 
Titanium oxide (TiO2) is the most studied metal oxide for hydrogen storage 62, 68-71. Lim 
et al. 70 reported hydrogen storage capacities up to ~2 wt.% at room temperature and 6 
MPa over synthesized TiO2 nanotube. Around 75% stored hydrogen was releasable under 
ambient pressure and others could be desorbed at 120 ℃. Experimental results from 
Bavykin et al. 71 showed that around 1.5 mol H2 could be adsorbed to 1mol TiO2 at 77 k 
and 2 bar, corresponding to 3.75 wt.% storage capacity. Complete desorption needed to 
heat the sample in a vacuum to 200 ℃. For a commercial pure ZnO (nanopowder, 30 nm 
in diameter), hydrogen uptake at room temperature and 860 psi was 1.05 wt.% , 65.2% of 
which could be released 72. The incomplete desorption indicated that both physisorption 
and chemisorption are responsible for the hydrogen uptake on metal oxides 72,73. 
Hydrogen uptakes on porous NiO (382.56 m2/g) and MgO (363.59 m2/g) at room 
temperature were 0.08 wt.% at 135 bar and 0.2 wt.% at 90 bar, respectively 64. Although 
the reported hydrogen storage capacities of the metal oxides are not that impressive, 
efforts may be devoted to combine the oxides with other materials for better results. 
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1.3 New approaches to hydrogen storage  
1.3.1 Hydrogen spillover 
The introduction of spillover techniques to hydrogen adsorption process encourages 
scientists who are working on hydrogen storage. Hydrogen spillover may be broadly 
defined as the transportation of dissociated hydrogen adsorbed or formed on a first 
surface onto another surface. The first surface is typically a metal and the second surface 
is usually the support on which the metal is doped 34. It was theoretically predicted that 
isolated transition metal atoms (Sc, Ti, V, Pt, Pd, etc) stabilized on sp2-hybridized carbons 
(nanotubes, fullerenes, graphenes etc) induce multiple bonding of molecular H2 with 
adsorption energies intermediate between physisorption and chemisorption 74. By 
applying the spillover approach, considerable enhancement can be obtained at 298 K on a 
lot of sorbents, which includes both SWCNTs and MWCNTs 75-78, CNFs 76, ACs 78,79, 
MOFs 80,81, and so on. 
 
Lueking and Yang 75 studied hydrogen storage on MWCNTs with various degrees of 
catalyst (Ni, Mg) removal and observed that removal of the catalyst decreased the uptake 
from 0.6 wt.% to below detection limits. Yang and Li 79 doped Pt nanoparticles on a 
superactivated carbon (AX-21). The hydrogen storage capacity of carbon sample without 
doping was just 0.6 wt.% at 298 K and 100 bar, while that of doped carbon achieved 1.2 
wt.% under the same condition. Furthermore, MOF-177 got an enhancement factor of 
~2.5 at 298 K and 100 bar by doping with Pt, from 0.62 wt.% to 1.5 wt.% 81. A large 
number of computational results have also demonstrated the dissociative chemisorption 
of hydrogen on different solid state materials 82.  
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1.3.2 Combination of light metal hydrides and carbon materials for hydrogen 
storage  
In recent years, carbon materials have been reported to lead to improvement in kinetics 
and thermodynamics of hydrogen adsorption for different metal hydride systems. Carbon 
materials have been chosen as additive or support because of their light weight, relative 
inertness, porostiy and abundance. Carbon is also able to bond with itself (and other  
atoms) with different hybridizations, giving rise to allotropes of completely different 
properties. In addition, the ability of carbon to efficiently conduct heat and the fast 
hydrogen diffusion along the carbon phase can improve the hydrogen adsorption 
properties 83. 
 
A lot of research has been devoted to ball-milling of MgH2 or NaAlH4 with different 
carbon materials 84-86, among which CNTs and CNFs show the best performance. 
Imamura et al. 87 reported enhanced hydrogen adsorption properties for supported Mg 
nanoparticles that were synthesized by solution impregnation of activated carbon with 
magnesium dissolved in ammonia. Liang and Kung 88 calculated a decrease in enthalpy 
of formation by 50% for the confinement of MgH2 clusters in (10, 10) CNTs of 1.2 nm in 
diameter. Another example for the kinetics improvement of hydrogen discharge is 
NaAlH4 particles of 2-10 nm deposited on CNFs. Activation energy of the first 
decomposition step decreased from 116 kJ/mol to 58 kJ/mol 89. 
1.3.3 Electric field assisted hydrogen adsorption 
Over decades, hydrogen storage development is focused on searching novel materials and 
improving fabrication techniques. Recently a novel method has been proposed by 
Hwang’s group 90-93 to increase hydrogen storage capacity by applying an external 
electric field. Polarization of hydrogen molecule may occur under electric field and thus 
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leads to a stronger interaction between hydrogen and adsorbents 93. The approach is 
expected to make materials synthesis less complicated while improving the 
thermodynamics and reversibility of hydrogen storage. 
                                                                   
It was observed by Li et al. 90 that electric field could lead to enhanced hydrogen 
adsorption over activated carbon and the adsorption increased with the increase in applied 
voltage. At 83 bar, the adsorption capacity increased from 0.45 wt.% at 0V to 0.46, 0.49, 
0.53 and 0.55 wt.% at 500, 1000, 2000 and 3000 V, respectively. Sun et al. 64 introduced 
an external electric field to metal oxide sorbents and found that it could increase 
hydrogen uptake by 37.5% for NiO and 25% for MgO in range of 0 to 60 bar. A 
computational work conducted by Liu and co-workers 94 also reported that hydrogen 
storage over graphenes can be enhanced by introducing an electric field. Additionally, 
calculations by Zhou et al. 95 showed an applied electric field can substantially improve 
the hydrogen capacity of polarizable boron nitride (BN) substrates. These findings may 
stimulate further research in this direction.  
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CHAPTER 2 BACKGROUND AND LITERATURE REVIEW 
2.1 Hydrogen adsorption mechanism 
No matter how developed the materials or methods for hydrogen storage are, adsorption 
properties are ultimately determined by the nature and strength of the fundamental 
binding between hydrogen and the storage material. A weak binding would lead to very 
low hydrogen storage capacity at ambient temperature, while a strong interaction might 
result in irreversible adsorption or need extreme conditions to discharge hydrogen. 
Therefore, it is essential to understand the hydrogen adsorption mechanism for better 
developing adsorbents that possess desired interactions with hydrogen. 
 
The process of trapping or binding hydrogen to surface of adsorbent is known as 
adsorption. There are two types of adsorption: physisorption and chemisorptions. All the 
hydrogen adsorption processes can be attributed to either or both of them. The major 
properties of physisorption and chemisorption are given in Table 2.1. Physisorption 
theoretically can take place between any gas molecule and any solid surface if the 
temperature is low enough, and multilayer adsorbate molecules can be attached during 
this exothermic process. Interactions based on physisorption are usually very weak and 
will decrease with increasing temperature. Chemisorption takes place only at specific 
sites and only a monolayer of adsorbates can be attached to adsorbent surface. 
Chemisorption can be either exothermic or endothermic, so its behaviors in different 
cases highly depend on surrounding temperature.  
 
It was estimated that ideal hydrogen binding affinity should be in the range of 20-40 
kJ/mol 96. Binding energy lower than 20 kJ/mol correspond to complexes that can hardly 
exist at ambient condition, while binding energy higher than 40 kJ/mol would cause 
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trouble in hydrogen desorption. As shown in the Table 2.1, adsorption heat of 
physisorption is only ~10 kJ/mol, while that of chemisorptions is much higher than 
desired binding energy. Thus, reversible hydrogen storage cannot depend on either 
physisorption or chemisorption alone.  
 
Table 2.1  
Comparison of physisorption and chemisorption 4 
 Physisorption Chemisorption 
Cause Van der Waals forces Chemical bonding 
Adsorbents All solids Some solids 
Adsorbates All gases Some chemical reactive gases 
Temperature Low temperature Higher temperatures 
Heat of adsorption Low (~10 kJ/mol) High (80-200 kJ/mol) 
Rate Very fast Temperature-dependent 
Surface coverage Multilayer Monolayer 
Reversibility High reversible Temperature-dependent 
Application Determination of surface 
area and pore size 
Determination of active site of 
catalysts 
 
Hydrogen can either interact with the adsorbent as a molecular or dissociate to bond with 
the material. The former interaction can be achieved via either physisorption or 
chemisorption, which is the way nanostructrued carbon and MOFs interact with hydrogen. 
The latter is chemisorption involving breakdown and formation of chemical bonds. 
Hydrogen storage using metal hydrides and complex hydrides is classified to this 
category. Some light metal hydrides like MgH2 possesses very attractive storage capacity, 
but strong hydride bond of around 75 kJ/mol requires temperature up to 300 ℃ to 
completely release hydrogen. In most cases, such processes are irreversible or partially 
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irreversible 11. 
 
Adsorption of molecular hydrogen over sorbent materials depends on three types of 
interactions: van der Waals force, electrostatic interactions and orbital interaction 96. Van 
der Waal attraction is the weakest and always exists between electron clouds that do not 
overlap. The interaction between hydrogen and neutral carbon is considered primarily 
van der Waals force, which is typically in the order of a few kJ/mol. Theoretical 
investigations suggest that hydrogen adsorption materials rely only on this interaction is 
impossible to fulfill DOE target at ambient temperature.  
 
When hydrogen gets close to the charged sites, an interaction known as electrostatic 
interaction which is stronger than van der Waals can be formed. In the presence of other 
charges, hydrogen would be moderately polarized, which induces a dipole moment in the 
molecule by distorting the bonding σ orbital. Overlap of the electron clouds may occur 
and makes the binding stronger. The strength of the binding mainly depends on the nature 
of the charged site 97. Adsorption energy is expected to be enhanced by introducing alkali 
metal ions to matrix materials such as carbon through doping treatment. Interaction of 
hydrogen and alkali-doped graphene was simulated to be around 10 kJ/mol 98,99.  
 
Orbital interaction is a strong existing binding between hydrogen molecule and transition 
metal (TM). TM-H2 bond is stabilized by the “forward donation of the H-H electron 
density into low-lying vacant metal d-orbital and back-donation from the metal to the 
anti-bonding σ* H2 orbital”. Transition metal-hydrogen complexes can capture and 
release H2 reversibly and the range of the TM-H2 binding energy varies between 20 and 
160 kJ/mol 97. Although the very high atomic weights of the transition metals are not 
beneficial for obtaining high gravimetric density, the idea of strong σ-bonded H2 
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complexes is still possible to be exploited for further development of novel hydrogen 
storage materials. 
2.2 Hydrogen cluster 
2.2.1Hydrogen ion cluster 
Unlike van der Waals bonded neutral cluster, hydrogen ion cluster is at transition from a 
chemical bound molecular to a van der Waals bound cluster 100. Since Thomson first 
discovered H3+ in 1912 101, a lot of experimental and theoretical work has been thrown 
into the investigation of Hn+ (n = 3, 5, 7, 9, 11, 13) clusters. H3+ has been proven to be a 
very stable ion with a structure of equilateral triangular 102. The reaction of H3+ → H2 + 
H+ is endothermic and its required energy was calculated as 106 kcal/mol 103. The 
geometrical structures of Hn+ clusters have been simulated to be composed of a H3+ in the 
core, which is surrounded by weakly bound H2 molecules 101. As the cluster size n 
increases, the distance between the core triangle and external molecules increases, and 
the dissociation energies decreases. In addition, the interaction between the electron-hole 
delocalization and ion-molecules polarization also becomes significantly reduced, 
resulting in lower bonding energies. Hiraoka and Kebarle 104 plot Van’t Hoff curves for 
equilibrium Hn+ + H2 = Hn+2+ and showed the dissociation enthalpies were 9.6, 4.1, 3.8, 
and 2.4 kcal/mole for n = 3, 5, 7, 9, respectively. 
 
Negative hydrogen ion clusters Hn- (n = 3, 5, 7, 9, 11, 13) have also been reported 105,106. 
The existence of negative ion clusters is critical, as their stabilization energy is very small 
(< 1 kcal). Hirao and Yamabe 106 examined the structure and stability of Hn+ and Hn-, 
revealing that Hn+ is a “charge-transfer complex”, while the stability of Hn- comes 
primarily from the “ion-induced-dipole attractions”.  
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2.2.2 Metal hydrogen cluster 
Besides hydrogen ion cluster, hydrogen is capable of forming clusters with metals. The 
experimental work by Kubas et al. 107 first showed that H2 could be attached as an 
uninserted species to an oxidized transition metal center. Since then, lots of experiments 
and simulations have been conducted on metal hydrogen clusters. The results showed that 
monovalent alkali metal cations (Na+ and K+) have much lower gas phase H2 binding 
energies than the transition metal cations. H2 molecules and the first row transition metals 
typically form clusters with the general formula of [M(H2)n+] (M = Sc, Ti, V, Cr, Mn, Fe, 
Co, Ni, Cu, Zn; n = 1-6) 108. Unexpectedly, the gas phase measurements revealed that the 
bond dissociation energy (BDE) typically increases from n = 1 to n = 2 for the transition 
metal ions. For example, a experiment was conducted to generate [Ti(H2)n+] clusters 
using TiCl4 as ion source and the BDEs were 7.5, 9.7, 9.3, 8.5, 8.2, 8.7 kcal/mol for 
n=1-6, respectively 109. This initial increase has been attributed to the mixing between the 
3dσ orbital and the empty 4s orbital, which is already present in the [M(H2)+] cluster. The 
linear geometry of the [M(H2)2+] cluster allows both H2 ligands to share the cost of the 
hybridization, resulting in a larger BDE to the second H2 molecule 110. Further increase of 
n for all transition metal ions just leads to a mild decrease in BDE.  
 
The binding of H2 to transition metal dimer cations ([M2(H2)n+]) has been rarely 
examined. Manard and co-workers 67 used equilibrium methods to measure binding 
energies and entropies for the attachment of up to six H2 ligands to ground-state Cu2+. 
BDEs of the six H2 ligands added are 12.4, 10.1, 4.9, 3.8, 2.1 and probable 1.7 kcal/mol 
for dissociated H2 number of 1, 2, 3, 4, 5 and 6, respectively.  
2.3 Influential factors of hydrogen storage on carbon materials 
Although pristine carbon adsorbents primarily capture hydrogen molecules by weak 
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attractions, their fast adsorption and desorption kinetics is still attractive for fast charging 
and discharging of hydrogen. Several factors are responsible for hydrogen adsorption 
characteristics on carbon materials such as the accessible surface area, the pore sized and 
the applied temperature and pressure.  
2.3.1 Porous structure 
Porous structure of carbon materials is the key factor in determining hydrogen storage 
capacity. As a portion of the pores in the carbon is small enough to capture the H2 
molecule, the narrowest porosity in the carbon sample play a decisive role in hydrogen 
adsorption characteristics. Micropores with pore size smaller than 0.6 nm have been 
reported to be the effective sites for hydrogen adsorption in porous materials 25. 
Mesopores contribute to the total pore volume but relatively very little to adsorption 
capacity. Thomas 46 collected hydrogen adsorption data obtained at 77 K and 1 bar on a 
bunch of nanostructured carbon materials with wide ranges of total pore volume and 
micropore volume, as shown in Figure 2.1. The correlation between hydrogen uptake and 
total pore volume showed greater scatter in the data. Some of the carbon materials only 
adsorbed a small amount of hydrogen, even though they possessed very high total pore 
volume. However, an approximately linear relation was found between hydrogen 
captured and micropore volume, which indicated larger micropore volume could lead to 
more captured hydrogen molecules. 
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Figure 2.1 Hydrogen adsorption capacity at 77 K and 1 bar for different carbon samples versus (a) 
total pore volume and (b) micropore volume 46 (reprinted with permission from Elsevier, see 
Appendix E) 
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2.3.2 Temperature 
 
Figure 2.2 Isobars for hydrogen desorption from a certain activated carbon at 1 bar (heating rate 0.3 
K/min) and isotherm data from adsorption at 1 bar 111 (reprinted with permission from American 
Chemical Society, see Appendix F) 
 
Remarkable temperature dependence of hydrogen adsorption over carbon materials has 
been demonstrated by a large number of experimental results. Usually storage capacities 
up to 8 wt.% H2 could be obtained at 77 K while reliable results only showed <1 wt.% 
adsorbed H2 at ambient temperature 41-47. Temperature dependence of hydrogen 
adsorption has been experimentally studied by Zhao et al. 111. They tested hydrogen 
desorption isobars at pressure of 1 bar on a certain activated carbon and compared the 
results with the adsorption isotherm data in the same temperature range, as shown in 
Figure 2.2. The image shows very low amount adsorption when the temperature was 
higher than 200 K. To store significant hydrogen at ambient temperature, applying high 
pressure is the method generally used. However, it is unlikely to realize an extent 
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comparable at 77 K by increasing pressure alone. 
2.3.3 Pressure 
A high pressure ensures a higher hydrogen adsorption capability, but the measurements at 
high pressure and ambient temperature usually lead to greater errors. This is because 
corrections for buoyancy and dead volumes in gravimetric system and volumetric system 
will become much larger at high pressure. Moreover, more available impurities from 
hydrogen under high pressure and they are adsorbed to adsorbent materials and thus lead 
to greater influence on measured results 46.  
2.4 Hydrogen adsorption measurement methods 
It is a tough task to accurately measure the hydrogen adsorption over porous material. 
Many errors have been created due to invalid measurements 35,38. Two conventional 
methods used for determining hydrogen capacities during adsorption and desorption are 
gravimetric and volumetric method.  
2.4.1 Gravimetric method 
Gravimetric method provides a direct measurement of adsorption. The major problem of 
this method is that any impurity, either from hydrogen used or within the vacuum system, 
can end with a considerable error. The reason is that the weight of an impurity molecule 
like H2O is equal to that of nine H2 molecules. 0.6 wt.% of H2O adsorbed is referred to 
5.4 wt.% of H2 capacity. As a result, an ultra-clean high vacuum system and ultra-pure 
hydrogen are needed for valid measurements 52. 
2.4.2 Volumetric method 
Volumetric method indirectly determines hydrogen uptake through the pressure change in 
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a closed chamber filled with hydrogen. Compared to gravimetric method, hydrogen 
adsorption data obtained through this way lead to a much lower error. Currently most 
measurements of hydrogen adsorption were taken out by using this method. One big 
concern of this method is that extremely small leaks in the instrument may lead to 
inaccurate data at high pressure 46. 
2.5 Scope of this study 
The toughness of conventional approaches is the weak interactions between hydrogen 
and adsorbent materials. The effect of an external electric field on hydrogen adsorption 
over carbon materials has been experimentally and theoretically demonstrated 90-95. The 
applied electric field is able to introduce charges to the adsorbent. Meanwhile, hydrogen 
may be polarized or dissociated under the field and form interaction stronger than van der 
Waals with charged adsorbents. However, carbon is electrically conductive and the 
induced charges would distribute onto the layer of sample surface, resulting in a limited 
region named charged zone where strong interactions take place.  
 
This study was initiated to investigate if the adsorption can be further increased by 
enlarging the size of the charged zone. One approach for the charged zone enlargement is 
illustrated conceptually in Figure 2.3, which is using a dielectric phase to separate the 
carbon particles to hold the charges generated by electric field at the interface of carbon 
and dielectric material. TiO2 is primarily examined as candidate of dielectric phase 
mainly due to its good dielectric properties. Besides, the inclusion of transition metal Ti 
provides possibility of forming metal hydrogen clusters during hydrogen adsorption 
process under electric field. Furthermore, other dielectric materials like magnesium oxide 
(MgO), zinc oxide (ZnO) and barium titanate (BaTiO3) were introduced to the activated 
carbon respectively and hydrogen adsorption behaviors of the synthetics under electric 
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field were tested. 
 
Another primary goal of this study is to examine the influence of parameters of the 
applied electric field on the hydrogen adsorption performance over prepared samples. 
Electric fields with different strengths and different directions were applied during the 
adsorption process. Computational calculations were also carried out corresponding to 
the experiments for understanding the underlying principles and verify our observations.  
 
 
Figure 2.3 Approach for charged zone enlargement (CGM = charge generating material) 
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CHAPTER 3 MATERIALS AND METHODS 
3.1 Materials 
3.1.1 Carbon sources 
The pristine activated carbon used in this study was a commercial product of Norit 
(denoted as NAC), with a Brunauer-Emmett-Teller (BET) surface area of 1836.2 m2/g 
and an average particle size of 20 μm. Another carbon source, Pt-doped activated carbon 
(contains 5 wt.% platinum, denoted as Pt/AC) was purchased from Aldrich. 
3.1.2 TiO2 sources 
TiO2 powder in anatase phase with an average particle diameter of 30 nm (NanoTek Ltd., 
USA) was used as a starting material. Another TiO2 source was a commercial premix of 
TiO2 powder (200 nm average diameter) dispersed in an aqueous polyacrylic solution 
with propylene glycol, ester-alcohol, and ethylene glycol as stabilizer (Colorplace, 
Walmart). This premix is denoted as PTP (Premix TiO2 powder). PTP contains around 10% 
TiO2, 33% organics and 57% water. TiCl4 (≥99.0%) purchased from Aldrich was also 
used to prepare TiO2 nanoparticles through hydrolysis.  
3.1.3 Other sources 
The MgO powder (> 98%) used in this study was from Aldrich. ZnO nanopowder with 
particle size < 10 nm was purchased from Aldrich. BaTiO3 powder (> 99%) with particle 
size < 3 μm was from Aldrich. Aluminum oxide (Al2O3) aerosol was from ZYP Coatings, 
Inc. 
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3.2 Samples preparation 
3.2.1 Carbon mixture 
A mixture of carbon (denoted as PAC) was prepared by mixing NAC and Pt/AC in a ball 
mill at a ratio of 4:1. 
3.2.2 TiO2/Carbon species 
Three techniques were used to prepare various TiO2/Carbon synthetics. 
3.2.2.1 Mechanical mixing 
The TiO2/Carbon mixture (denoted as TCM) was prepared by ball milling TiO2 
nanopowder and NAC at a ratio of 1:1 by weight for 30 min. 
3.2.2.2 Preparation with premix 
A standard solution was first prepared by adding 5.0 g PTP into 500 ml pure ethanol and 
magnetically stirring for 20 min. Then 10ml, 50 ml, 100 ml and 150 ml standard solutions, 
which contained 0.01 g, 0.05 g, 0.1 g and 0.15 g TiO2 respectively, were taken out to mix 
with 1.0 g NAC. Ultrasonication was used to ensure the distribution of TiO2 particles on 
NAC. Next, the obtained cloudy liquids were heated, accompanied by stirring, to promote 
volatilization until thick slurries formed. The obtained slurries were dried at 105 ℃ 
overnight to remove the solvents (water and ethanol) and other volatiles. The dried 
samples were denoted as P1, P2, P3 and P4. The residual organics were removed by 
heating P1, P2, P3 and P4 at 300 ℃ for 2 h (referred to as P1H1, P2H1, P3H1, and 
P4H1) in a high temperature tube furnace (59300, Thermolyne) in air. For contrast, 
dehydrated PTP (denoted as PTPD) was prepared by dried PTP at 105 ℃ overnight. 
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A species named TPC was prepared following the same procedure as P4 except using 
Pt/AC to replace NAC. 
3.2.2.3 Chemical deposition 
The synthesis procedure is similar to the method developed by Lin et al. 112. In brief, 0.5g 
NAC was first separately added into 100ml solution containing 5M HCl, 0.25 M TiCl4 
and 100ml solution containing 5M HCl, 0.5 M TiCl4. Then the mixtures were kept in an 
oven at 100 ℃ for 4h for hydrolysis. The final products (referred to as TC1 for the 
product from 0.25 M TiCl4 and TC2 for the 0.5 M one) were obtained by filtering and 
drying the slurry at 120 ℃ for 0.5 h. For contrast, sample HCl/NAC was prepared as 
follows: 0.5 g NAC and 100 ml 5 M HCl solution were mixed and magnetically stirred at 
room temperature for 24 h. The obtained slurry was then filtered and dried in an oven at 
105 ℃ overnight to obtain the final product.  
3.2.3 MgO/Carbon species 
The method of preparing MgO/Carbon species (denoted as MC) followed a previous 
technique conducted by Yacob et al. 113 to prepare MgO nanoparticles. Around 6.0 g of 
MgO powder was dispersed in 150 ml distilled water and stirred at about 100 ℃ for 24 h 
to obtain magnesium hydroxide, Mg(OH)2. 3.0 g NAC was added to the hydroxide 
solution and stirred for another 4 h under the same conditions. The Mg(OH)2/NAC 
precipitate was then yielded by filtration and dried in oven at 105 ℃ overnight to remove 
excess water. The obtained solid was grinded using mortar and pestel and afterward 
activated by heating in an oven in air at 400 ℃ for 1 h to obtain the final product.  
3.2.4 ZnO/Carbon species 
A ZnO/Carbon mixture (denoted as ZC) was prepared by ball milling ZnO nanopowder 
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and NAC at a ratio of 1:1 by weight for 30 min. 
3.2.5 BaTiO3/Carbon species 
A BaTiO3/Carbon mixture (denoted as BC) was prepared by ball milling BaTiO3 powder 
and NAC at a ratio of 1:1 by weight for 30 min. 
3.3 Hydrogen adsorption measurements 
Hydrogen adsorption measurements were carried out with an automatic Sieverts’ 
instrument (PCT-Pro 2000, Hy-Energy LLC) at pressure range of 0-80 bar. Figure 3.1 and 
Figure 3.2 show the outlook and master control panel of the instrument. 
 
 
Figure 3.1 Outlook of the PCT-Pro 2000 instrument 
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Figure 3.2 Master control panel of PCT-Pro 2000 114 
(Indicators: 1-allows selection of any one of a number of instruments; 2-shows the status of up to 8 
different instruments labeled A to H; 3-corporation logo; 4-allows the user to select a process to be 
performed; 5-control tab used to select; 6-operational status; 7-allows the user to see which physical 
volumes in the instrument correspond to the calibrated volumes used for making measurements; 
8-instrument’s volume calibrations; 9-sample holder; 10-barometers; 11-reservoirs; 12-thermometers. 
reprinted with permission from American Chemical Society, see Appendix F)  
 
Prior to the test, the samples were dried in an oven at 105 ℃ for 12 h and then moved 
into the sample holder and evacuated at 100 ℃ for 2 h to ensure the removal of any 
contaminations on the sample surface. Around 300 mg sample was used in each run. 
Ultrapure (99.99999%) hydrogen and helium gases were used for all calibrations and 
measurements. All the adsorption measurements were conducted under room temperature 
(22±0.8 ℃). A blank test was also performed to exclude possible adsorption of hydrogen 
on the inner wall of the sample holder. 
 
Two methods were used to provide an electric field to the testing sample. One was 
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putting a charge generating material inside the adsorbent and the other was applying an 
external electric potential to the sample holder. The specific illustrations are given as 
follows. 
3.3.1 Measurements with electric field generated by piezoelectric element 
Piezoelectric elements are energy transformation devices that are capable of transforming 
mechanical energy into electricity and vice versa. They are often found in wide 
applications of sound production and detection, high voltages generation, electronic 
frequency generation, etc. Piezoelectric elements are typically based on lead oxide 
compounds. At present, PMN-PT ((1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3) based piezoelectric 
materials are very popular due to the large dielectric constant, outstanding piezoelectric 
properties and high electrostriction 115. 
           
In this study, a piezoelectric element was designed to be surrounded by the adsorbent. 
Under hydrogen pressure, charges will be generated and accumulated at the surface of the 
element in response to the applied mechanical stress. The electrical charge generated at 
the surface of PMN-PT under static hydrogen pressure can be calculated by 116 
 
Q = d33PS                             (3.1) 
 
where Q stands for the electrical charge, d33 is the piezoelectric charge constant, P 
represents the hydrogen pressure, and S is the surface area upon which hydrogen pressure 
is exerted. 
 
The experimental setup is depicted in Figure 3.3. Adsorbent and a PMN-PT slab were 
placed inside a glass container, which was capped by a paper filter and put inside the 
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stainless sample holder to stop the charges produced from spreading out. The PMT-PT 
was purchased from Morgan Electroceramics with a dimension of 5×5×1 mm and a 
weight of ~ 0.2 g, as shown in Figure 3.4. One side of the slab was covered by an Al2O3 
thin film (prepared from Al2O3 aerosol) to ensure the generation of only negative or 
positive charges. The d33 value of the material is in the range of 1200 – 2000 pC/N 92. 
 
 
Figure 3.3 Experimental setup for hydrogen adsorption measurement in the presence of PMN-PT 
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Figure 3.4 Configuration of PMN-PT 
 
 
Figure 3.5 Cross-section view of modified sample holder 90 (reprinted with permission from American 
Carbon Committee, see Appendix H) 
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3.3.2 Measurements with electric field generated by applied electric potential 
Electric potentials of opposite directions were introduced by two different sets of 
equipment. A high voltage DC power supply device from Del High Voltage Corporation 
(model RLPS 100-100 P), which was capable of providing voltage from 200 to 20,000 V, 
was used to provide positive electric potential. A high voltage switch and an 
electro-circuit were connected between the power supply and the sample holder. An 
incorporated ammeter is sensitive to current greater than 0.001 mA. Negative potential 
was provided by a laboratory DC power supply (72-2085, Tenma) associated with a high 
voltage DC/DC converter (P10-250, American Power Design). The devices are able to 
provide voltage from -833 to -2500 V. 
 
The electrode in the center of the cylindrical sample holder was connect to the power 
supply, while the upper end of the sample holder was electrically grounded. The sample 
holder has been modified for introducing an electric potential to the testing material, as 
shown in Figure 3.5. The Inner wall was coated with 2 mm dielectric layer to hold 
charges. The filter was used for preventing carbon particles from entering the PCT-Pro 
2000 instrument. The thermocouple was used for measuring the temperature. 
3.4 Characterization methods 
X-ray diffraction (XRD) was carried out using a Scintag XDS2000 powder diffractometer 
at a scan rate of 0.08 o/s with Cu radiation at 45 kV, 35 mA.  
 
A Hitachi S-4700 field emission-scanning electron microscope (FE-SEM) was used to 
examine the microstructure of the samples.  
 
The surface area and pore volume synthesized samples was measured with a 
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Micromeritics ASAP2000 instrument using nitrogen adsorption at liquid nitrogen 
temperature (77 K). Total surface area was calculated by BET equation 117. Micropore 
volume was obtained from t-plot analysis using the Jura-Harkins equation 118. 
 
Thermogravimetric analysis (TGA) was performed under 50ml/min oxygen flow at a 
heating rate of 10 ℃/min from 30 ℃ to 1200 ℃ by using TGA/DSC 1 (Mettler Toledo).  
 
The electrical resistivity was tested by a digital multimeter (Agilent 34405 A) with 
around 500 mg of sample powder loosely placed inside a specially designed sample 
holder, as shown in Figure 3.6. 
 
Figure 3.6 Cross-section view of sample holder used for resistivity test 
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CHAPTER 4 CHARACTERIZATIONS 
4.1 Characterizations of TiO2/Carbon species 
4.1.1 Mechanically mixed TiO2/Carbon mixture 
The BET surface area and micropore volume of TCM sample are 613.19 m2/g and 0.12 
cm3/g. Compared to NAC, the surface area and micropore volume of the mixture were 
largely decreased due to the addition of TiO2 particles. On the other hand, the electric 
resistivity of TCM is greater than 100 MΩ. The introduction of dielectric TiO2 converted 
conductive carbon into a dielectric material. 
4.1.2 TiO2/Carbon synthetics prepared from premix of TiO2 powder 
The studies are focused on synthesized samples P1H1, P2H1, P3H1 and P4H1. P1, P2, 
P3 and P4 have been previously studied by Wen 119 and some results are also provided 
here for comparison. 
 
The X-ray diffraction patterns of synthetics P1H1, P2H1, P3H1 and P4H1 are given in 
Figure 4.1. The XRD analyses clearly show the existence of rutile phase. According to 
composition of the TiO2 premix, the TiO2 contents in P1H1, P2H1, P3H1 and P4H1 were 
calculated as 1.0, 4.8, 9.1 and 13.0 wt.%, respectively. It is obvious that the peaks of TiO2 
become sharper as the TiO2 content increases. 
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Figure 4.1 XRD patterns of TiO2/Carbon synthetics P1H1, P2H1, P3H1 and P4H1 
 
Figure 4-2 shows FE-SEM images of the P4 and P4H1 species. It can be clearly seen that 
the TiO2 particles coated on the carbon surface are in tetragonal prism or tetragonal 
pyramid form with uniform size around 200 nm. Residual organics are obviously 
observed in P4, as circled in Figure 4.2b. After heating, the organics are thoroughly 
removed, as shown in Figure 4.2d.  
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Figure 4.2 FE-SEM images of P4 (a and b) and P4H1 (c and d) 
 
BET surface areas and micropore volumes of the prepared synthetics are listed in Table 
4.1. As shown in the table, for the two sets of samples, BET surface area and micropore 
volume decrease with the increasing TiO2 content. BET analysis of PTPD showed surface 
area of only 1.9 m2/g. The small surface area could explain the increase in surface area 
after the removal of the organics for P2, P3 and P4. Surface area of P1 was reduced due 
to small amount of organic residues and pore collapse caused by heating. Figure 4.3 
shows the relationship between BET surface area and micropore volume of the eight 
samples, which indicates micropore almost linearly increases with the increasing of 
surface area. 
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Table 4.1  
BET analyses of TiO2/Carbon synthetics prepared from premix of TiO2 powder 
Sample ID P1 P2 P3 P4 
BET surface area (m2/g) 1787.2 1167.0 896.2 719.8 
Micropore V (cm3/g) 0.21 0.13 0.09 0.05 
Sample ID P1H1 P2H1 P3H1 P4H1 
BET surface are (m2/g) 1615.5 1361.0 1086.2 846.1 
Micropore V (cm3/g) 0.19 0.14 0.11 0.07 
 
Figure 4.3 Relationship between BET surface area and micropore volume of TiO2/Carbon synthetics 
 
Electric resistivity data of the prepared synthetics is given in Table 4.2. It is indicated that 
resistivity increases with the rising TiO2 content for both series. It is known that the 
addition of insulating material into a conductive matrix would raise the resistivity of the 
matrix. However, the addition of dielectric materials would largely decrease the surface 
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area of the composite and adversely affect a relative high storage capacity. What we 
expect is a conductor-insulator transition point which can not only offer the ideal charged 
zone but also enough available sites for hydrogen adsorption. It is also noted that heating 
treatment reduced resistivity of the synthetics due to the absence of the organics. 
 
Table 4.2  
Electrical resistivity of TiO2/Carbon synthetics prepared from premix of TiO2 powder 
Sample ID P1 P2 P3 P4 
Resistivity (MΩ) 0.035 2 20 > 50 
Sample ID P1H1 P2H1 P3H1 P4H1 
Resistivity (MΩ) 0.01 0.9 2.0 20.0 
4.1.3 TiO2/Carbon synthetics prepared through chemical deposition 
 
Figure 4.4 XRD patterns of chemical deposited TiO2/Carbon synthetics TC1 (a) and TC2 (b) 
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Figure 4.5 FE-SEM images of chemically deposited TiO2/Carbon synthetics  
TC1 (a and b) and TC2 (c and d) 
 
X-ray diffraction spectra of prepared TC1 and TC2 are shown in Figure 4.4. It is seen that 
the XRD analyses show Rutile peaks. The peaks of TC2 are much sharper than TC1. The 
broadening of the peaks indicates crystal size of the synthesized TiO2 particles is very 
small 64.  
 
FE-SEM images of TC1 and TC2 are shown in Figure 4.5. For both species, TiO2 
particles have been uniformly deposited on the carbon surface. It is also noticed that for 
TC2 particles on the carbon are much denser than TC1, indicating a higher TiO2 content.  
  
TGA analysis results of TC1 and TC2 are given in Figure 4.6. Two weight-loss steps 
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were observed for each test. The first occurred in the range of 30-300 ℃, corresponding 
to around 2.5% weight loss for both samples, which is related to the elimination of water 
and residual HCl. The second started at 400 ℃, which is due to the combustion of 
activated carbon. The final residue was considered to be TiO2, which takes up 5.8 and 
18.8 wt.% of TC1 and TC2, respectively.  
 
 
Figure 4.6 TGA analyses of TiO2/Carbon synthetics TC1 (a) and TC2 (b) 
 
BET analyses of TC1 and TC2 are given in Table 4.3. The BET surface area and 
micropore volume of TC1 are relatively larger than those of TC2. No heating process was 
involved in the preparation, resulting in synthetics with relative high surface area, which 
is favorable for hydrogen storage. 
 
Electric resistivity data of TC1 and TC2 is given in Table 4.4. It is seen that the sample 
with a higher TiO2 content has a larger resistivity because of the better isolation of carbon 
particles. 
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Table 4.3 
BET analyses of chemically deposited TiO2/Carbon synthetics TC1 and TC2 
Sample ID BET surface area (m2/g) Micropore V (cm3/g) 
TC1 1563.2 0.15 
TC2 1248.3 0.07 
 
Table 4.4  
Electrical resistivity of chemically deposited TiO2/Carbon synthetics TC1 and TC2 
Sample ID TC1 TC2 
Resistivity (MΩ) 2.0 >50 
4.2 Characterizations of MgO/Carbon species 
X-ray diffraction spectrum of synthesized MgO/Carbon sample is shown in Figure 4.7. 
Only MgO peaks were observed. SEM images of the species are displayed in Figure 4.8, 
which indicate cubic crystals with uniform size. BET analysis for MC showed that 
surface area is 538.3 m2/g and micropore volume is 0.04 cm3/g. Electrical resistivity of 
MC is greater than 100 MΩ. 
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Figure 4.7 XRD pattern of MgO/Carbon synthetic MC 
 
 
Figure 4.8 FE-SEM images of MgO/Carbon synthetic MC 
 
For ZC and BC, only resistivity measurement was carried out. The results showed that 
the resistivity is greater than 100 MΩ for both samples. 
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CHAPTER 5 EXAMINATION OF HYDROGEN ADSORPTION ON 
ACTIVATED CARBON UNDER ELECTRIC FIELD  
The study started with verifying the effect of electric field on carbon materials. Direction 
of electric potential as well as intensity was varied in the examination. The adsorption 
enhancement is defined as follows 
 
ܽ݀ݏ. ݄݁݊ܽܿ݁݉݁݊ݐ ሺ%ሻ ൌ ܽ݀ݏ.ݓ݅ݐ݄ ܧ݌݋ݐ݁݊ݐ݈݅ܽ െ ܽ݀ݏ.ݓ/݋ ܧ݌݋ݐ݁݊ݐ݈݅ܽܽ݀ݏ. ݓ/݋ ܧ݌݋ݐ݁݊ݐ݈݅ܽ ൈ 100% 
 
Figure 5.1 Hydrogen adsorption on blank sample holder with and without 1000 V electric potentials 
 
Blank experiment was first addressed by applying 0 V and 1000 V electric potential to the 
blank sample holder, as shown in Figure 5.1. The adsorption curves indicate negligible 
difference between the two tests. It was therefore concluded that the electric potential 
does not affect the adsorption performance of the background. All the variations are due 
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to the electric field effect on adsorption over the adsorbent. 
5.1 Hydrogen adsorption on pristine activated carbon 
5.1.1 Positive electric potential 
Hydrogen adsorption measurements of pristine NAC with 0, 1000, 2000 and 3000 V 
electric potentials can be seen in Figure 5.2. The hydrogen uptake shown here was the net 
weight percentage of uptake after elimination of the adsorption on the blank sample 
holder. The error bars represent stand errors, which are 4-6% and < 3% for the 
measurements with and without voltage based on three repeated experiments. As shown 
in the picture, all the adsorption isotherms at room temperature have a linear trend and 
locate close to each other. Unlike previous findings 90,93, applying an electric potential to 
the activated carbon led to no adsorption improvement but some decrease in this study. 
The hydrogen storage capacity of NAC reached 0.43 wt.% at 80 bar. With electric 
potentials of 1000, 2000 and 3000 V, the uptakes were 0.33, 0.41 and 0.36 wt.% at 80 bar, 
which meant 23%, 5% and 16% decreases, respectively. No specific correlation has been 
found between the potential intensity and the hydrogen adsorption in this case. 
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Figure 5.2 Hydrogen adsorption on NAC under various electric potentials 
 
The interaction between activated carbon and hydrogen molecules is weak van der Waals 
force, leading to very low storage capacity at ambient temperature. Under a positive 
electric field, positive charges can be introduced to the carbon adsorbent and reside at the 
surface of carbon body when the system reaches equilibrium. Only hydrogen molecules 
located near to the charged area are possible to form stronger electrostatic interaction. 
Compared to the large surface area of activated carbon, the charged area takes up a very 
small proportion and thus the ratio of strongly bonded hydrogen is negligible. Moreover, 
the stronger bond between hydrogen and adsorbent can create longer H-H bond length, 
which indicates less stable state of hydrogen molecules. Under a sufficiently high electric 
field, dissociation and ionization of hydrogen molecules probably exist 120,121. Movement 
of hydrogen ions in the electric field causes less adsorbed hydrogen. As no electricity was 
detected by the ammeter, ionized hydrogen molecules are not abundant. Besides, either 
increases of reported findings and decreases of our experimental results are not 
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significant. Experimental errors caused by differences in experiment conditions may be 
another reason for the deviation of results. 
5.1.2 Negative electric potential 
Previous studies only examined adsorption behaviors with positive electric potential. To 
discover the effect of the direction of electric potential on adsorption, electric potential 
with opposite direction was applied to the sample. Hydrogen adsorption isotherm with 
negative electric potential of 1000 V is shown in Figure 5.3. The error for the 
measurement is around 10%, much bigger than that with positive potential. A sharp 
decrease was observed in the presence of a negative potential. Hydrogen adsorption at 80 
bar with -1000 V voltage was 0.26 wt.%, corresponding to 40% decrease. Current leak of 
around 0.1 A was detected by the incorporated ammeter of the power supply, indicating 
the transportation of electrons from the negative electrode to the ground. Moreover, the 
current continuously grew up as the voltage gradually increased. Measurement was not 
conducted at higher voltage due to the distinct current flow. 
 
In the environment of a negative potential, some of hydrogen molecules will probably 
gain electrons from the electrode to form negative hydrogen ions (H-) or hydrogen ion 
clusters (Hn-, n=3,5,7,9…). However, the negative hydrogen ions or ion clusters are very 
unstable and impossible to form steady interaction with adsorbent surface 106. The 
obtained electrons are about to be released in no time and run to the grounded electrode, 
resulting in a detected current. Additionally, the current flow would increase the 
temperature of the adsorbent, further reducing the adsorption capacity.  
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Figure 5.3 Hydrogen adsorption on NAC with and without -1000 V electric potential 
 
In the light of above observations, introducing an electric field to pristine carbon 
materials did not achieve any enhancement in hydrogen adsorption. Adsorbents with 
some specific characteristics may be required to form an effective system with the 
applied electric field. 
5.2 Hydrogen adsorption on Pt-doped activated carbon 
It has been demonstrated that Pt-doped activated carbon is able to dissociate hydrogen 
molecules and obtain improved adsorption through spillover. Experiment was carried out 
to determine the effect of an electric potential on the mixture of activated carbon and 
Pt-doped carbon (PAC). Hydrogen adsorption isotherms with and without a 2000 V 
electric potential are shown in Figure 5.4. Obvious enhancement was observed, even at 
low hydrogen pressure. At 80 bar, hydrogen adsorption capacities for 0 V and 2000 V 
applied potential were 0.42 and 0.51 wt.%, resulting in a 21% increase. 
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Figure 5.4 Hydrogen adsorption on PAC with and without 2000 V electric potential 
 
In previous experiments, introduction of electric field did not lead to any adsorption 
enhancement over the activated carbon. The enhancement obtained on PAC could be 
ascribed to the existence of Pt particles. The mechanism may be illustrated by the 
following reasons. First, hydrogen molecules can be polarized by the electric field and 
the charges at adsorbent surface, facilitating the dissociation of hydrogen molecule on Pt 
particles. Also, the charges may accelerate the diffusion of H atoms into the bulk material. 
Therefore, more hydrogen can be adsorbed, indicating the application of electric field is 
capable of promoting the spillover effect. 
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CHAPTER 6 EXAMINATION OF HYDROGEN ADSORPTION ON 
ACTIVATED CARBON SEPARATED BY TITANIUM DIOXIDE 
UNDER ELECTRIC FIELD 
6.1 Hydrogen adsorption on mechanically mixed TiO2/Carbon mixture 
Hydrogen uptakes of prepared TCM sample under 0 V and 2000 V are shown in Figure 
6.1. The error for measurements is between 2% and 5%. Using mixture of NAC and TiO2 
nanopowder as adsorbent is a convenient way to check if introduction of electric field 
could affect hydrogen adsorption over activated carbon separated with dielectric material. 
It is told from the figure that introducing electric field could efficiently increase hydrogen 
storage over the mixture. For cases with and without electric field, 0.19 wt.% and 0.15 
wt.% uptakes were obtained at 80 bar and room temperature respectively, resulting in 
26.7% improvement. However, compared to hydrogen adsorption on NAC, the 
adsorption without an electric field decreased remarkably. The platform of the adsorption 
curve at high hydrogen pressure indicated saturation of available adsorption sites. 
 
The significant uptake reduction at 0 V was mainly caused by the addition of TiO2 
powder, which is demonstrated as a very poor hydrogen storage material 122. The 
enhancement with 2000 V applied electric potential is then considered primarily causing 
by enlarged charged zone. In this case, TiO2 particles would uniformly lie around carbon 
particles through mixing and could hold a large number of electrical charges generated at 
the interface of carbon and dielectric material. Then hydrogen molecules were possible to 
be polarized and form a stronger interaction with adsorbent, which was reflected as 
higher hydrogen uptake. Here we used a qualitative way to verify our hypothesis and 
agreeable results were obtained. However, the mechanism may be more complicated and 
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further studies are needed. 
6.2 Hydrogen adsorption on TiO2/Carbon synthetics prepared from TiO2 premix 
6.2.1 Hydrogen adsorption with applied electric field 
TiO2-coated activated carbon samples with different content of TiO2 were prepared from 
the premix of TiO2 powder for investigating the effect of electric field on adsorption. The 
hydrogen adsorption isotherms of the prepared synthetics in the absence of an electric 
field are shown in Figure 6.2. For comparison, the measurement of pristine NAC is also 
included. It is found from the data that hydrogen uptake almost increases linearly with the 
growing pressure, while drops remarkably with increasing TiO2 content. The adsorption 
difference between P3H1 and P4H1 is very small. At 80 bar, the hydrogen storage 
capacity of NAC was 0.43 wt.%, while uptakes of P1H1, P2H1, P3H1 and P4H1 were 
0.35 wt.%, 0.28 wt.%, 0.23 wt.% and 0.23 wt.%, respectively. 
 
Figure 6.1 Hydrogen adsorption on sample MM with and without 2000 V electric potential 
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Figure 6.2 Hydrogen adsorption on TiO2/Carbon synthetics P1H1, P2H1, P3H1, P4H1 and NAC 
 
Figure 6.3 Hydrogen adsorption isotherms of PTPD and blank test 
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Figure 6.3 shows the adsorption isotherms of PTPD and blank test. A negligible 
difference between the two experiments reveals that the PTPD itself adsorb little 
hydrogen.  
 
An electric potential of 1000 V was then introduced to the testing samples and the results 
are shown in Figure 6.4. The error for this set of tests is around 5%. Measurements for 
samples without voltage are also included for comparison. As shown in Figure 6.4a, for 
sample P1H1, suspected adsorption increase was observed under low pressure but was 
replaced by a slight decrease with pressure over 30 bar. Figure 6.4b shows an 
enhancement for P2H1, a sample with higher TiO2 content, which was very obvious even 
at very low hydrogen pressure. As for P3H1 in Figure 6.4c, the gap between the two data 
curves become larger, indicating even higher adsorption improvement. P4H1 showed a 
nice adsorption jump under electric field in Figure 6.4d, which meant a remarkable 
increase in adsorption capacity. At 80 bar of hydrogen pressure, the adsorption capacities 
of P2H1, P3H1 and P4H1 under electric field were 0.36, 0.33 and 0.38 wt.% and 
corresponding increases were 29%, 43% and 65%, respectively. The results revealed that 
adsorption enhancement increases with the increasing of TiO2 content. It should be noted 
that the dehydrated PTP alone has little adsorption. Such adsorption increases are 
considered to occur on the activated carbon substrate. 
59 
 
 
Figure 6.4 Hydrogen adsorption on TiO2/Carbon synthetics P1H1, P2H1, P3H1 and P4H1 with and 
without 1000 V electric potential 
 
As the surface area of the synthetics varies greatly, it is insufficient to simply compare 
hydrogen uptakes on different samples. We normalized the adsorption capacity with the 
BET surface area, as shown in Figure 6.5. It is indicated that application of an electric 
field enabled more hydrogen to be adsorbed on unit area for P2H1, P3H1 and P4H1. 
Among all the results, P4H1 under 1000 V voltage had the highest normalized uptake. 
Additionally, under an electric field the amount of hydrogen adsorbed on equivalent area 
increased with the increasing TiO2 content in the species.  
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Figure 6.5 Hydrogen adsorption normalized by BET surface area 
 
A higher storage capacity is in fact due to larger adsorption energy. The adsorption 
process between carbon and hydrogen is primarily weak van der Waals attraction between 
the π  bonds of aromatic rings and the σ  bonds of hydrogen molecules. After 
decorating activated carbon with TiO2 particles, hydrogen molecules may dissociate and 
migrate onto carbon host, which is known as spillover. However, Mishra and co-workers 
68 found reversible hydrogen storage (more than 90%) over TiO2/Carbon composite at 
room temperature, which indicated the adsorption mainly depended on physisorption. In 
addition, according to the report of Lim et al. 70, around 25% of the H2 was chemisorped 
to the self-prepared TiO2 nanotubes due to spillover, in which half was weakly 
chemisorbed and reversible. Moreover, the supported TiO2 particles are relatively large 
and poorly distributed on carbon surface, and thus largely limit spillover. It is therefore 
considered that the spillover effect could be ignored in this case and the changes in 
adsorption were primarily attributed to the presence of electric field. According to the 
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experimental observations, no obvious loss in adsorption capacity was found after several 
repeated experiments, indicating approximately complete desorption of hydrogen.  
 
When an electric potential is applied, dielectric TiO2 coated on carbon surface will be 
polarized and induced charges can be generated in carbon. The coating allows charges 
induced to stay at the interface of carbon particles and dielectric materials, resulting in an 
enlarged charged zone. Hydrogen molecules and charged carbon surface can then build 
electrostatic interactions, which are stronger than van der Waals forces. Shi et al. also 
mentioned that orbital defects may be produced in adsorbent with an applied electric field, 
resulting in intensified orbital interactions 92. 
 
As TiO2 content varied in samples, carbon particles were isolated at different levels, or in 
other words, charged zones were different in size. Resistivity is a reflection of isolation. 
Higher resistivity corresponds to better isolation. P1H1 has a low resistivity due to the 
small amount of TiO2, exhibiting similar phenomenon as pristine carbon adsorbent under 
electric field. On the other hand, the sample holder can be treated as a capacitor with 
applied electric potential. The relationship of related parameters in a capacitor can be 
expressed using the following equations 
 
ܥ ൌ   ߝ௥ߝ௢ ௌௗ                          (6.1)            
ܳ ൌ ܥ ܸ                           (6.2) 
                                                                                   
where C is the capacitance, Ɛr is dielectric constant of the material between the two 
electrodes of the capacitor, Ɛo is the electric constant (Ɛo ≈ 8.854×10−12 F/m), S is the area 
of overlap of the two electrodes, d is the separation of the electrodes, Q is the amount of 
induced charges and V is the electric potential applied. The dielectric constant of 
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synthetics rises with a growing ratio of dielectric materials until conductor-insulator 
transition is approached 123. With other conditions unchanged, more charges would be 
generated as TiO2 content goes up. Therefore, both the enlarged charged zone and 
increased charge amounts are responsible for more intensified hydrogen polarization, 
leading to improved hydrogen adsorption increase on P2H1, P3H1 and P4H1 samples.  
 
In previous experiment, adsorption increase has been observed on mixture of activated 
carbon and anatase powder under electric field. Also, electric field enhanced adsorption 
was demonstrated when rutile particles was introduced to the carbon. The results indicate 
that the phase of TiO2 does not play a very important role in the adsorption enhancement 
with an applied electric potential. 
6.2.2 Hydrogen adsorption with the presence of piezoelectric element 
Hydrogen adsorption isotherms with one side insulated PMN-PTs are shown in Figure 
6.6. Since a small difference in free volume would result in a big effect on hydrogen 
uptake via volumetric measurement, experiments have been carefully carried out with < 
0.1% volume differences. Standard error for the measurements with the presence of 
PMN-PT is around 5%. The obtained results indicated that the addition of positive side 
insulted PMN-PT (denoted as PMN-PT(-)) could lead to significant hydrogen adsorption 
enhancement while the presence of PMN-PT with the negative side insulated (dentoed as 
PMN-PT(+)) caused reduction in storage capacity. In other words, introduction of 
negative charges was able to strengthen the interaction between hydrogen and adsorbent, 
but positive charges would weaken the interaction. 
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Figure 6.6 Hydrogen adsorption on P4 with the presence of a PMN-PT 
 
Figure 6.7 Change rate of hydrogen adsorption with the presence of a PMN-PT 
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Change rates of hydrogen adsorption with two kinds of PMN-PT are shown in Figure 6.7. 
Hydrogen adsorption with PMN-PT(-) and PMN-PT(+) at 80 bar were 0.22 and 0.16 
wt.%, corresponding to 10% increase and 20% decrease. In hydrogen atmosphere, 
chargers will be generated and stay around the piezoelectric element due to the high 
electric resistivity of the adsorbent. Unlike an applied electric field, the charges generated 
by PMN-PT would not be capable of dissociating or ionizing hydrogen molecules. The 
adsorption takes place in the form of hydrogen molecule. The accumulated charges can 
be considered as a big point charge. As the field intensity of point charge falls off as the 
square of the distance from the charge, only the TiO2 particles locating near to the 
PMN-PT can be efficiently polarized. Charge distribution with the presence of 
PMN-PT(+) is described in Figure 6.8. Given the low surface area of the TiO2, it 
contributes few adsorption sites for hydrogen. Hydrogen is stored directly in activated 
carbon at the carbon-TiO2 interface or by initial binding on TiO2 and subsequent spillover 
in activated carbon 69,75. The experimental results reflected that hydrogen molecules have 
stronger interaction with negatively charged TiO2 than positively charged TiO2. The 
principle of the phenomenon is attributed to the difference in binding energy. 
Computational calculations in the following chapter will provide more detailed 
explanation. 
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Figure 6.8 Schematic of charge distribution with the presence of PMN-PT(+) 
 
It is also noted that for both measurements the rate of change went down as the pressure 
went up at low pressure (< 30 bar), and then became stable as the pressure further 
increased. According to Equation 3-1, relation between chargers generated from PMN-PT 
and hydrogen pressure can be described in Figure 6.9 (d33 = 1800 pC/N), which indicates 
the amount of charges linearly increases with the pressure. At low pressure, the amount of 
hydrogen molecules is small and thus the adsorption related to the generated charges 
would take up a considerable portion of total hydrogen adsorbed. As the pressure goes 
higher, the portion of influenced molecules falls down, leading to a reduction in either 
increase or decrease. 
66 
 
 
Figure 6.9 Relationship between hydrogen pressure and charges generated 
 
The introduction of PMN-PT is a very convenient way to obtain storage enhancement 
based on current material processing techniques. However, the method merely affects the 
adsorption occurring around PMN-PT and the effect is not obvious. Bigger size or 
increased number of piezoelectric element is needed for large scale applications.   
6.3 Hydrogen adsorption on chemically deposited TiO2/Carbon synthetics 
The hydrogen adsorption isotherms of prepared TiO2/Carbon species in the absence of an 
electric field are shown in Figure 6.10. The measurement of pristine NAC is also 
included for comparison. At 80 bar, the hydrogen adsorption capacity of NAC was 0.43 
wt.%, while uptakes of TC1 and TC2 were 0.40 wt.% and 0.37 wt.%, respectively. 
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Figure 6.10 Hydrogen adsorption on TC1, TC2 and NAC 
 
An electric potential of 1000 V was then introduced to TC1 and TC2 and the results are 
shown in Figure 6.11. For comparison, measurements for samples without voltage are 
also included. It is clear that both adsorbents have obtained adsorption enhancements 
with a 1000 V voltage. Adsorption capacities of TC1 and TC2 at 80 bar were 0.45 and 
0.56 wt.%, corresponding to 13% and 51% increase, respectively. A greater enhancement 
has been expectedly achieved by TC2, the sample with higher TiO2 content, which is 
consistent with our proposed theory. It is also noted that at 80 bar adsorption capacities of 
both TC1 and TC2 under electric field exceed that of NAC (0.43 wt.%). 
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Figure 6.11 Hydrogen adsorption on TC1 and TC2 with and without 1000 V electric potential 
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Figure 6.12 Hydrogen adsorption on HCl/NAC with and without 1000 V electric potential 
 
To exclude the possible effect of Cl- ions, adsorption experiments with or without 1000 V 
electric potential were carried out on HCl/NAC, as shown in Figure 6.12. The data curves 
showed a negligible difference between the two experiments. It could be concluded that 
the presence of Cl- ions did not affect hydrogen uptake during the measurement. 
Adsorption enhancement was attributed to the introduction of TiO2 particles. 
 
As TC2 possesses uniform TiO2 coating and has achieved significant adsorption 
enhancement with applied electric field, it was chosen as the object to study the effect of 
field intensity on adsorption performance over TiO2/Carbon synthesis. Hydrogen 
adsorption measurements with different electric potentials were conducted on TC2 and 
the results are shown in Figure 6.13. Within the range of applied potential from 0 to 3000 
V, the highest storage capacity was obtained at 1000 V, while the lowest was gotten at 
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Figure 6.13 Hydrogen adsorption on TiO2/Carbon synthetics TC2 under various electric potentials 
 
3000 V. Additionally, as shown in Figure 6.14, the incorporated ammeter showed an 
electricity of around 0.1mA at 3000 V, while no electricity was detected at other 
voltages. 
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Figure 6.14 Electricity detected by ammeter under various electric potentials 
 
To provide a more obvious comparison, variance ratios of hydrogen uptake at 20, 50 and 
80 bar under different electric potential were given in Figure 6.15. Hydrogen adsorption 
at 20, 50 and 80 bar in the absence of an electric field were 0.12, 0.26 and 0.37 wt.%. As 
the potential increased, the storage capacity at each selected pressure first increased and 
then decreased. Enhanced hydrogen adsorptions were observed when applied potentials 
were less than 2000 V. The most significant adsorption enhancements were achieved at 
1000 V, which were 42%, 35%, and 51% for 20, 50 and 80 bar. At 2000 V, 
improvements become less obvious, and even a little decrease (3%) was found at 80 bar. 
When the potential was raised to 3000 V, a sharp decrease occurred. Hydrogen uptakes at 
20, 50 and 80 bar with a 3000 V voltage were 0.04, 0.16 and 0.24 wt.% respectively, 
corresponding to decreases of 66%, 38% and 35%. 
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Figure 6.15 Adsorption change rate of TC2 at 20, 50 and 80 bar under various electric potentials 
 
 
Figure 6.16 Illustration of hydrogen adsorption mechanism under electric field 
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As discussed before, the application of an external electric field can polarize the dielectric 
TiO2 coating and induce charges on carbon. The coating also ensures the charges stay on 
carbon, leading to stronger electrostatic interactions between hydrogen and adsorbent. 
Increasing the field strength is expected to intensify the polarization and facilitate the 
attraction, resulting in a higher storage capacity. However, the results showed that further 
increase of electric potential adversely decreased the hydrogen uptake. There must be a 
reason for the phenomenon.  
 
Hydrogen ions (H+ and H2+) were reported to be formed under a strong electric field due 
to field ionization and field induced dissociation of H2 121, which can be described by the 
following reactions 124 
 
H2 → H2+ → H+ + H → H+ + H+                 (6.3) 
 
Another kind of hydrogen ion, H3+, was also detected by mass spectrum. Its formation is 
generally accepted as 125  
 
H2+ + H2 → H3+ + H                       (6.4) 
 
According to Clements and Müller 124, H2+ is predominant at low fields, but with 
increasing filed the contributions of protons to the total ions increases. Field condition of 
H3+ is difficult to determine. As a result, the positive charged hydrogen ions will move 
towards the grounded electrode and release their charges there. The observed electricity 
at 3000 V was an indication of the activity. Moreover, it is noticed that no current flow 
and remarkable decrease in adsorption were detected when a 3000 V electric potential 
was applied to activated carbon sample. The reason should be that TiO2 is a kind of 
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material with intrinsic dipole moment. The external electric field could further enhance 
the dipole moment, so that the nearby hydrogen molecules would be strongly polarized 
and easily ionized. 
 
Therefore, the measured hydrogen uptakes were the reflection of strengthened binding 
between hydrogen and adsorbent, accompanied by the influence of hydrogen ions 
transportation, as illustrated in Figure 6.16. Enhanced hydrogen storage obtained under a 
low electric potential (< 2000 V) indicated electrostatic interaction plays the leading role. 
A high applied potential (> 2000 V) created more hydrogen ions and an even larger 
electric force exerted on the ions made the ions transportation very violent, resulting in a 
reduced storage capacity and current flow. Moreover, the current flow would create heat 
in the adsorbent, which is not favorable for adsorption. To obtain an ideal storage 
capacity, an electric field with optimized strength is needed. For different samples, the 
strength may be different.  
6.4 Hydrogen adsorption on TiO2-coated Pt/AC 
As the effects of electric field on TiO2-coated activated carbon and Pt-doped carbon have 
been demonstrated, experiments were conducted to examine the hydrogen adsorption on 
TiO2-coated Pt/AC under electric field. Figure 6.16 shows the hydrogen uptakes on 
TiO2-coated Pt/AC with and without a 2000 V electric potential. Error for the 
measurement with voltage is about 8%. It is seen in the picture that exceptionally high 
enhancement in adsorption has been achieved during the entire measurement process. 
The adsorption capacity at 80 bar of hydrogen pressure increased from 0.13 wt.% to 0.37 
wt.% with the presence of electric field, corresponding to a 185% enhancement.  
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Figure 6.17 Hydrogen adsorption on TiO2-coated Pt/AC synthetic TPC under electric potential 
 
The adsorption enhancement over PAC demonstrated that spillover can be facilitated by 
applied electric field. Introduction of TiO2 particles to the Pt/AC would result in more 
charges, further promoting the dissociation of hydrogen molecules. In addition, the Pt 
particles interacted with both carbon and TiO2 particles. Hydrogen adsorption on TiO2 
particles might also be increased due to the spillover mechanism. 
 
  
76 
 
CHAPTER 7 EXAMINATION OF HYDROGEN ADSORTPION ON 
ACTIVATED CARBON SEPARATED BY OTHER DIELEDTRIC 
MATERIALS UNDER ELECTRIC FIELD 
Hydrogen adsorption enhancement over TiO2-coated activated carbon under proper 
electric field has been demonstrated by previous experimental work. The increased 
adsorption is considered primarily due to the enhanced dipole moment of dielectric TiO2. 
TiO2 is a material with good dielectric properties and its dielectric constant is ~100 126,127. 
In this chapter, hydrogen adsorption performances over activated carbon separated by 
three other dielectric materials (MgO, ZnO and BaTiO3) are investigated. Compared to 
TiO2, MgO and ZnO have much smaller dielectric constants, which are ~10 and 8-10, 
respectively 128-130. BaTiO3 was selected because of the unusually high dielectric constant 
up to several thousand 131. The study was initiated to reveal the effect of dielectric degree 
on hydrogen adsorption. 
7.1 Hydrogen adsorption on MgO/Carbon species 
Hydrogen adsorption isotherms of MC with and without an electric potential are shown 
in Figure 7.1. Electric fields with two different strengths were applied to the testing 
sample. Unlike the species coated with TiO2, negligible difference was shown among the 
tests, indicating no influence of electric field on hydrogen adsorption over activated 
carbon separated by MgO. Given the relative small dielectric constant of MgO, the 
applied electric field may not be sufficient to polarize MgO, or the degree of polarization 
is not enough to form stronger electrostatic interaction between hydrogen and adsorbent. 
Ionization of hydrogen molecule certainly becomes less probable. Therefore, no obvious 
enhancement or decline was found in adsorption capacity.  
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Figure 7.1 Hydrogen adsorption on MgO/Carbon synthesis MC with and without electric potential 
7.2 Hydrogen adsorption on ZnO/Carbon species 
Hydrogen adsorption on ZC with and without a 2000 V electric potential is given in 
Figure 7.2. Overlap of the error bars of the two data sets indicates no distinctive increase 
or decrease with an applied electric field. A slight decrease under electric field may be 
caused by ionization of a small amount of hydrogen. ZnO has a dielectric constant quite 
close to MgO, resulting in a similar adsorption phenomenon as that of MC. 
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Figure 7.2 Hydrogen adsorption on ZnO/Carbon mixture ZC with and without electric potential 
7.3 Hydrogen adsorption on BaTiO3/Carbon species 
Figure 7.3 shows the hydrogen adsorption on BC in the presence of absence of a 2000 V 
electric potential, respectively. It can be seen that adsorption enhancement showed up 
under very low hydrogen pressure, and the gap between the curves increase with the 
increase of the pressure. At 80 bar of hydrogen pressure, adsorption capacities with and 
without an electric filed were 0.19 and 0.21 wt.%, indicating 10% increase. Although the 
adsorption enhancement is not impressive, it confirms that the adsorption enhancement 
under electric field is related to separation of activated carbon with material involving 
high dielectric constant. However, TiO2 and BaTiO3 are materials with relatively large 
molecular weight, which is not favorable for hydrogen storage with high weight 
percentage. Many light polymer-based composites with high dielectric constant, such as 
polyvinylidene fluoride (PVDF) with conductive additive 132, have been well investigated 
and can be considered as alternatives in further study. 
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Figure 7.3 Hydrogen adsorption on BaTiO3/Carbon mixture BC with and without electric potential 
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CHAPTER 8 COMPUTATIONAL CALCULATIONS 
8.1 Introduction 
Compared to huge amount lab work, computer modeling is an easier approach to find and 
evaluate suitable substances for hydrogen storage. For a generic Hydrogen adsorption 
process, it can be presented using a schematic equation like the one below 
 
nHMMnH )( 22                   (8.1) 
 
where M is the substrate for Hydrogen adsorption. Commonly used models with the 
function of adsorbing H2 molecules include graphitic carbon-based materials 133,134, metal 
82, metal oxides 64,82 and combined structures 82,135. 
 
For theoretical study for the adsorption process outlined in Equation 8.1 under constant 
temperature and pressure, we will need to evaluate the association (or binding) Gibbs free 
energy, which can be expressed by 
 
   )()()( 22 MGHnGHMGG nr         (8.2) 
 
In this equation, all Gs on the right hand side are the Gibbs free energy of all species 
relative the zero point of the state, in which all nuclei and electrons are apart to infinite 
distance and at rest. So these quantities are different from those normally used in thermal 
chemistry, in which we usually use quantities like Gibbs free energy of formation. The 
free energies listed on the right side of equation can be computed theoretically using ab 
initio methods.  
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In order to obtain the association Gibbs free energy ΔrG accurately, it is ideal that the 
reaction represented by Equation 8.2 would be the one so called “isodesmic”, which 
means that the number of various bonds and lone pairs on both sides of the equation are 
exactly identical. The reason is that with identical chemical bonds and lone pairs on both 
sides, the error arising from calculating electronic correlation will mainly be cancelled 
out by making use of Equation 8.2. And all processes in this project are close to be 
isodesmic since we expect no intensive chemical bond overlap interaction taking place 
during the process of hydrogen adsorption, although there are some reports claiming the 
covalent force involvement.  
 
By definition, association Gibbs free energy G is calculated according to equations below 
 
TSHG                         (8.3) 
  PVUH                         (8.4) 
 
Here, P and V are temperature and volume. H, U and S are enthalpy, internal energy and 
entropy with the same relative point as G defined above. U and S can be directly 
computed based on Statistic Mechanics principles, given that energy levels for all energy 
components are known. The relevant energy components are electronic, vibrational, 
rotational and translational parts. The latter three are often referred as thermal 
contribution and have been ignored in many computational works. Electronic energy is 
necessary to compute total internal energy and entropy and thus enthalpy and Gibbs free 
energy. Quantum mechanics computations are needed to obtain the electronic energy.  
 
For quantum mechanics computations (ab initio computations), we need to solve the 
Schrӧdinger equation for the system with a Hamiltonian given below 136 
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On the right hand side of the equation, we have the terms in the order given for the 
kinetic energy for the m electrons, kinetic energy for N nuclei, nuclear-electron 
attraction, electron-electron repulsion and nuclear-nuclear repulsion. MK is the mass of 
kth nucleus, me is the electronic mass, RμK is the distance between the μth electron and 
Kth nucleus, Rμν is the distance between the μth and νth electrons, and RKL is the 
distance between the Kth and Lth nuclei. And e is the electronic charge and ZK and ZL 
are the atomic numbers for Kth and Lth nuclei. 
 
Usually the solution to Schrӧdinger equation is started with separating electrons from 
nuclei by invoking so called “Born-Oppenheimer Approximation”, which is based on the 
fact that that protons and neutrons are about 1800 times heavier than electrons 136. 
Because of the enormous mass difference, we can assume at any moment, the electrons 
move in an environment where all nuclear positions are fixed. This makes it possible to 
separate the motion of the electrons from that of the nuclei. At each specific nuclear 
configuration, all nuclear coordinates are treated as constants and the electronic 
wave-function is solved according to the nuclear configuration, so all electronic 
wave-functions have nuclear coordinates in it as parameters. Then we change the nuclear 
configuration according to certain algorithm and compute the electronic wave-function 
again. And this is repeated until the lowest possible electronic energy is reached. The 
nuclear configuration (nuclei position relative to one another) corresponding to the 
electronic wave-function with lowest energy is called equilibrium structure. The whole 
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process illustrated here is called “geometry optimization” since it a process seeking for 
the structure with lowest electronic energy.  
 
There are many methods for solving for the electronic wave functions and vibrational 
analysis, such as RHF (Restricted Hartree-Fock), DFT (Density Functional Theory), 
MPn (n= 1, 2, 3…) (Meller-Plesset perturbation calculation), CI (Configuration 
Interaction) and CC (Coupled-/Cluster theory) etc. Usually we expand the wave-function 
as a series of certain set of known mathematic functions with unknown coefficients. 
Then the problem is converted to solve for the coefficients, which is normally completed 
using variation theorem. Those known mathematic functions are often referred as basis 
sets. For more information please refer to relevant literatures 136.  
 
In this section, Density Functional Theory investigations corresponding to the 
experiments have been carried out for more detailed explanations on adsorption 
mechanisms. Simulations were first performed on interaction of H2 with charged TiO2 
molecule. Then, effects of electric field on H2 adsorption over TiO2 molecule, graphene 
and TiO2-doped graphene were studied.  
8.2 Computational methods 
DFT calculations in this section were all performed with the program Gaussian 09 137, 
using the B3LYP functional and the LANL2DZ basis sets for all atom types. LANL2DZ 
has been widely used in quantum chemistry, particularly in the calculations of transition 
metal compounds 138,139. The coronene molecule (C24H12) was chosen as the model for 
graphite surface, as shown in Figure 8.1. Previous studies have shown that coronene is a 
reliable model for the graphite (0001) surface 140,141. A TiO2 molecule was used to 
represent the metal oxide phase. 
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Figure 8.1 Structure of coronene 
 
The total adsorption energy under an electric filed (f) was calculated by the difference 
between the total energy of the whole adsorption system and the total energy of the 
separate objects before combination, as presented in flowing equation: 
 
Eୟୢ ൌ E୤ሺHଶ ൅ Sሻ െ E୤ሺSሻ െ E୤ሺHଶሻ               (8.6) 
 
where Ead is the adsorption energy, Ef(S + H2) is the total energy of the whole adsorption 
system in the presence of an electric field (f), Ef(S) and Ef(H2) stand for the energy of the 
substrate H2 and the H2 molecule under the intensity field f. The negative value of Ead 
indicates that the adsorption is exothermic, while the positive means endothermic. 
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8.3 Results and discussion 
8.3.1 Hydrogen adsorption on charged TiO2 molecule  
The simulations on H2 adsorption with charged TiO2 molecule were first addressed, 
starting with the structure shown in Figure 8.2. The optimized geometries and adsorption 
energies are readily seen in Table 8.1. The free hydrogen molecule optimized by 
B3LYP/LANL2DZ possesses an H-H bond length of 0.7435 Å. The interaction of H2 and 
neutral TiO2 molecule shows a slightly enlongated H-H bond, indicating a small 
perturbation from the TiO2 molecule. When H2 interacts with negatively charged TiO2 
molecule, the shorter bond distance of 4H-2Ti and 5H-2Ti illustrate that the H2 has been 
attracted closer to the TiO2. As a result, the binding energy increases dramatically to 
-7.8838 kJ/mol, which is almost three times that of H2 and neutral TiO2. For the case of 
positively charged TiO2 molecule as the adsorption substrate, the hydrogen molecule is 
less perturbed due to a shorter H-H bond and thus weakly tied to the TiO2. These 
phenomena are consistent with the experimental observations.  
 
 
Figure 8.2 Initial state of H2-TiO2 system 
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Table 8.1  
Geometric parameters and binding energies of H2 and charged TiO2 
Charge 
Bond length (Å) Binding energy 
(kJ/mol) 4H-5H 4H-2Ti 5H-2Ti 
0 0.7451 3.6233 4.3685 -2.8597 
-1 0.7483 3.3640 4.1123 -7.8838 
1 0.7441 4.0795 4.8236 -1.1762 
8.3.2 Hydrogen adsorption on TiO2 molecule under electric field 
Initial state H2 and TiO2 molecule is the same as the structure shown in Figure 8.2. 
Electric field is parallel to the plane that all the atoms locate. The positive direction of 
electric field is defined as upward and the negative is downward. The optimized 
geometries and binding results of H2 and TiO2 in the presence of an electric field are 
listed in Table 8.2. As shown in the table, in the field range of f =0-+0.06 au, H-H bond 
length increases with the increasing electric field strength, and meanwhile the distance 
between H atoms and Ti decreases with the increasing field. With applied electric fields 
of +0.05 and +0.06 au, the binding affinities lie between 20-40 kJ/mol, indicating 
reversible hydrogen storage. The calculations confirm that a positive field can evidently 
improve the interaction between H2 and TiO2. In contrast, opposite binding trends are 
observed when direction of the field is reversed although the decreases are not 
significant.  
 
Simulations with stronger electric field have not been conducted. However, it is 
reasonable to predict that H-H bond would be further elongated under stronger field. As a 
result, hydrogen molecule becomes unstable and is prone to get ionized or broken when 
electric field is strong enough. This deduction can be confirmed in the light of findings 
from Zhou et al. 95, which illustrated molecular hydrogen adsorption is achieved only 
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below a certain critical electric field. Hydrogen atoms or ions can be more easily captured 
than molecules, leading to a promising storage capacity. 
 
Table 8.2  
Geometric parameters and binding energies of H2 and TiO2 under electric field 
E field f 
(au) 
Bond length (Å) Binding energy 
(kJ/mol) 4H-5H 4H-2Ti 5H-2Ti 
0 0.7451 3.6233 4.3685 -2.8597
+0.01 0.7469 3.5002 4.2471 -4.6790
+0.02 0.7504 3.4082 4.1586 -7.4171
+0.03 0.7564 3.3060 4.0623 -11.3564
+0.04 0.7655 3.2207 3.9861 -16.9582
+0.05 0.7793 3.1499 3.9292 -24.9291
+0.06 0.8014 3.0915 3.8929 -36.5103
-0.01 0.7449 3.7413 4.4862 -1.8387
-0.02 0.7461 3.9400 4.6862 -1.6179
8.3.3 Hydrogen adsorption on coronene under electric field 
The initial state of H2-coronene system is shown in Figure 8.3. Electric fields were 
applied perpendicular to the coronene plane, in the upward (+) or downward (-).The 
optimized geometries and adsorption energies of H2 and coronene are given in Table 8.3. 
Little bonding energy is obtained between hydrogen molecule and coronene plane 
without the presence of electric field, which can be taken as the reason of the negligible 
adsorption capacity over carbon materials at ambient temperature. Compared to H-H 
bond of free hydrogen molecule (0.7435 Å), only a tiny perturbation occurs to hydrogen 
molecule. When a positive electric field is applied, an improvement in adsorption energy 
and an increase in H-H bond length are observed, which indicate a stronger interaction. 
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An electric field with a higher intensity further strengthens the binding between H2 and 
coronene. Additionally, the application of negative field also leads to some increase in 
binding energy. However, it is noted that the improvements are very small and 
corresponding influences in hydrogen adsorption capacity should be negligible. As 
discussed in previous chapter, our experimental observations did not show any increase in 
storage capacity. Furthermore, Shi et al. 93 reported a slight adsorption enhancement over 
activated carbon with a 2000 V applied voltage. Therefore, introduction of electric field 
to pristine carbon materials is unlikely to efficiently improve the hydrogen adsorption 
capacities.     
 
Figure 8.3 Initial state of H2-coronene system 
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Table 8.3  
Geometric parameters and binding energies of H2 and coronene under electric field 
E field f 
(au) 
Bond length (Å) Binding energy
(kJ/mol) 37H-38H 37H-3C 38H-3C 
0 0.7436 4.1462 4.8503 0.0667 
+0.01 0.7443 4.0530 4.7559 -0.4895 
+0.02 0.7465 3.5700 3.5729 -1.7870 
-0.01 0.7439 11.1292 11.8672 0.0005 
-0.02 0.7455 3.7363 4.4333 -0.1639
8.3.4 Hydrogen adsorption on TiO2-doped coronene under electric field 
The initial state of H2-TiO2-coronene system is shown in Figure 8.4. Electric fields were 
also applied perpendicular to the coronene plane, in the upward (+) or downward (-). 
Considering different doping sites, our simulations showed that the most stable position 
for TiO2 is perpendicularly lying above the center of the middle ring. Optimized 
geometries and adsorption energies of H2 and TiO2-doped coronene are given in Table 8.4. 
Calculations with TiO2 doping showed a much higher binding energy in the absence of a 
field than that of pristine coronene. Given the weak adsorption energy for hydrogen on 
pristine coronene, the hydrogen storage capacity can be significantly increased via TiO2 
doping. However, TiO2 itself has a large molecular weight, which is not beneficial to a 
high storage capacity. When a 0.005 au electric field is introduced, binding energy 
increases by 2.44 kJ/mol, corresponding to a 38% binding enhancement. Moreover, an 
approximate 100% enhancement of binding energy is achieved with the presence of a 
0.01 au field. It is also found in the table that the H-H bond increases with the increasing 
strength of electric field, which is identical to the energy data.  
 
The simulations show that a stronger electric field can lead to more intensive interactions 
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between H2 and TiO2-doped graphene. The phenomenon seems very different from the 
experimental results, which indicated a decreased storage capacity with 3000 V electric 
potential. As discussed before, the strong interaction between H2 and TiO2 under electric 
field makes H2 ionized. The formation and transportation of hydrogen ions is responsible 
for a reduced adsorption under relatively strong electric field. Although the calculations 
here failed to show the formation and transportation of hydrogen ions, they provided the 
reason of a stronger interaction between adsorbate and adsorbent under field, which is 
consistent with our experimental observations. 
    
 
Figure 8.4 Initial state of H2-TiO2-coronene system 
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Table 8.4  
Geometric parameters and binding energies of hydrogen and TiO2-doped coronene under electric 
field 
E field f 
(au) 
Bond length (Å) Binding energy
(kJ/mol) 40H-41H 40H-25Ti 41H-25Ti 40H-3C 
0 0.7485 4.0083 4.7545 5.5529 -6.4592 
0.005 0.7511 3.8474 4.5857 5.6476 -8.9008 
0.01 0.7552 3.7337 4.4699 6.9294 -12.6368 
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CHAPTER 9 SUMMARY AND CONCLUSIONS 
In this project, a hydrogen storage system has been developed and used to investigate the 
effect of an applied electric field on hydrogen adsorption over activated carbon separated 
by different dielectric materials. The experimental results indicated that introducing an 
electric field to the activated carbon materials partitioned with high dielectric materials, 
such as TiO2 and BaTiO3, could efficiently improve the hydrogen adsorption at ambient 
temperature.  
 
Intensive experimental studies have been performed on TiO2-coated activated carbon. A 
1000 V electric potential was applied to synthetics with different TiO2 contents. 
Increasing enhancements of 29%, 43% and 65% were obtained at 80 bar for the samples 
containing 4.8, 9.1 and 13.0 wt.% TiO2, respectively. No improvement was observed for 
the sample with 1.0 wt.% due to the poor isolation of carbon particles. Normalized 
adsorption by the BET surface area further revealed that, under an electric field, the 
amount of hydrogen adsorbed on a specific area increased with the increasing TiO2 
content. Electric fields with various strengths were subsequently introduced to a carbon 
sample coated with 18.8 wt.% TiO2 nanoparticles. The results showed the hydrogen 
uptake first increased and then decreased with the increasing strength of electric field. 
Enhanced storage capacities were observed when the applied electric potentials were no 
greater than 2000 V. The most significant adsorption enhancement was obtained at 1000 
V, which showed a 51% increase at 80 bar. Experiment was also carried out on TiO2 
coated Pt/AC. Exceptionally high enhancement of 185% was achieved at 80 bar with a 
2000 V applied electric potential. 
 
The addition of dielectric TiO2 to carbon isolates carbon particles, resulting in an 
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enlarged charged zone and increased charges with applied electric field. The charges are 
responsible for the stronger electrostatic interaction between hydrogen and the solid 
surface. A large amount of hydrogen molecules may be ionized under a sufficiently high 
electric field, resulting in a reduced hydrogen uptake.  
 
Density Functional Theory calculations related to the experiments were also conducted 
and consistent with the observations. It was found that, under an external electric field, 
adsorption energy between hydrogen and TiO2-doped coronene is much higher than that 
in the absence of a field, leading to the enhancement in adsorption capacity. 
 
The findings from this work indicated a potential for developing high-capacity hydrogen 
storage system. Further studies can be focused on the search of a light weight dielectric 
phase, which is an ideal hydrogen adsorbent. Limitation of current devices for hydrogen 
adsorption testing is also a big issue needing attentions. 
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on the EERE Web site are in the public domain. EERE requests that it be acknowledged 
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